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2. SOME CONSTITUENTS OF THE UNSAPONIFIABLE MATTER OF HUMAN SEBUM 


By R. M. B. MACKENNA, V. R. WHEATLEY anp A. WORMALL 
Departments of Biochemistry and Dermatology, Medical College of St Bartholomew’s Hospital, London, E.C.1 


(Received 6 November 1951) 


Our earlier studies (MacKenna, Wheatley & 
Wormall, 1950) have shown that human sebum 
(surface skin fat) contains on an average about 29 % 
free fatty acids, 36 % combined fatty acids (present 
in glycerides, waxes and other esters) and 32% 
unsaponifiable matter. The unsaponifiable matter 
contains hydrocarbons, cholesterol and some un- 
identified compounds, and squalene was identified 
as one of the major constituents, accounting for 
about 16 % of the unsaponifiable matter and about 
35% of the hydrocarbon fraction. Some pre- 
liminary chemical tests were made for the fat- 
soluble vitamins, and the presence of a small amount 
of vitamin E in human sebum was reported. 

A more complete study of the unsaponifiable 
matter has now been made, and this material has 
been more thoroughly examined for vitamins, 
especially for vitamin E. A preliminary account of 
part of this work has already been given (MacKenna, 
Wheatley & Wormall, 1951). 


EXPERIMENTAL 


Collection of sebum. Sebum was collected by the method of 
Ricketts, Squire & Topley (1948, 1951), modified as already 
described (MacKenna et al. 1950). Single specimens were 
obtained by immersing the forearm of a normal male (age 
within the range 18-30) in 21. of twice-redistilled acetone 
contained in a tall glass cylinder. At the end of 3 min. the 
arm was removed from the cylinder, and the other arm 
extracted for a similar period. The acetone was then distilled 
off, and the residue of lipid, cellular debris and dirt was 
extracted with CHCl, ; the CHCl, solution was then filtered 
and evaporated to dryness and the residue weighed. About 
0-1 g. sebum was obtained from each subject. 

Bulked collections were obtained from a number of male 
medical students. In the earlier experiments described here 
the method used for the collection of single specimens was 
adopted, the same 21. of acetone being used for several 
extractions up to a maximum of ten. The acetone was then 
distilled off and the distillate used for a further batch 
of ten subjects; all the residues from the acetone extracts 
were pooled and put through the CHCl, stage together. 
In later experiments a large glass tank (24 x 12 x 12 in.; 
60 x 30 x 30 cm.) containing 151. acetone was used, and 
with this apparatus two subjects were each able to immerse 
both their forearms simultaneously. 

With some batches of sebum precautions were taken to 
reduce, as far as possible, the oxidation of readily oxidizable 
constituents. In these cases the acetone was distilled off 
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under reduced pressure (28-32 cm. Hg) in a stream of N, 
and the residue was extracted with ether instead of CHCI, ; 
the ether was then removed from this extract under reduced 
pressure at room temperature. 

Saponification. This was carried out as recommended by 
the Society of Public Analysts (Cocks, 1933) with appro- 
priate alterations in the volumes of reagents according to 
the amount of lipid saponified. With one batch of sebum (7') 
saponification was carried out in the presence of pyrogallol, 
using the method of Tosié & Moore (1945). 

Chromatography. Alumina (British Drug Houses Ltd. 
‘For chromatography’) which had been slightly weakened 
by storage was used in all experiments except one in which 
full-strength alumina (Savory & Moore) was used. The 
solvents used were light petroleum (b.p. 40-60°), 5% (v/v) 
and 10 % (v/v) CHCl, in light petroleum (referred to below as 
5% CHCl, and 10% CHCl,, respectively), CHCl,, ether and 
methanol. 

An approximately 1% solution of the unsaponifiable 
matter in warm light petroleum was prepared (when this 
solution was allowed to stand, a fraction tended to separate 
out and in some experiments this insoluble fraction was 
examined separately; see below, and also Table 1). This 
solution was filtered through a column of alumina (for a 1 g. 
sample a column approximately 1-4 x 10 cm. was prepared 
from 20 g. alumina) and the column was then eluted with 
light petroleum, 5% CHCI,, 10% CHCl,, CHCl, (or ether) 
and methanol in succession. During the development of the 
chromatogram a series of bands was obtained which flu- 
oresced in ultraviolet light. In earlier experiments the 
elution of these bands was followed and various fractions 
were collected and examined. In later work the eluates 
were collected in 100 or 150 ml. portions and the weight of 
dissolved matter in each portion was determined. By 
plotting these weights graphically the development of the 
chromatogram could be assessed. 

Chemical and physical constants. Iodine numbers were 
determined in samples of about 3 mg. by the method of 
Yasuda (1931), and acetyl numbers by the method of West, 
Hoagland & Curtis (1934) modified so that samples of 
30-100 mg. could be analysed. Molecular weights were 
determined by Rast’s camphor method; all other micro- 
analyses were made by Weiler and Strauss of Oxford. All 
melting points recorded are uncorrected. 


Chemical tests for vitamins 
Vitamin E. The total FeCl,-reducing substances were 
determined by the method of Emmerie & Engel (1938, 1939). 
Attempts were then made to remove non-tocopherols by 
saponification (Emmerie, 1940), by treatment with 85% 
(v/v) H,SO, (Parker & McFarlane, 1940) and by chromato- 
graphy (Tosi¢é & Moore, 1945). Finally, the effect of 
11 
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acetylation (Emmerie & Engel, 1943) was tried both on the 
total unsaponifiable matter and on the fractions obtained in 
the chromatographic separation (method of To3i¢ & Moore, 
1945). In all these experiments control tests were made with 
sebum to which had been added a small known amount of 
a-tocopherol. 

Other vitamins. The colorimetric Carr & Price (1926) test 
was used for vitamin A, but since this invariably gave 
turbid solutions when applied to sebum, tests were also made 
with activated dichlorohydrin (Sobel & Snow, 1947) which 
gave no turbidity. Rosenheim’s (1929) test with 90% 
trichloroacetic acid was used for ergosterol and similar pro- 
vitamins D; according to Schoenheimer & Evans (1936) 
7-dehydrocholesterol and 22-dihydroergosterol give positive 
reactions in this test. 

The colorimetric test of Irreverre & Sullivan (1941) was 
used to test for vitamin K. It is claimed that this test is 
specific for 2:3-dialkyl-substituted «-naphthaquinones and 
that it is not given by the synthetic substitute, 2-methyl- 
1:4-naphthaquinone. It was not possible for us to carry out 
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obtained from each of the six principal batches are 


given in Table 1. The fractions from each batch were | 
studied separately and the composite results of | 


these studies are as follows. 

Fraction I. This fraction was a white or pale- 
yellow semi-solid wax composed of hydrocarbons, 
with an average iodine number of 130-170. Squalene 
accounted for 30-40 % of this fraction. Recrystal- 
lization of the crude fraction from ethanol gave a 
solid hydrocarbon, m.p. 57:6 and 56-2°; mol.wt. 
(Rast) 428. In order to decide whether this solid 
hydrocarbon was a normal or a branched-chain 
paraffin the infrared absorption of a sample was 
examined (curve A; Fig. 1). This showed that this 
substance is a normal-chain paraffin, and it is 
suggested that it is probably pentacosane (m.p. 
55-5-56-0°; Heilbron, 1936), or a mixture of closely 
related paraffins. 


Table 1. Chromatographic fractionation of the unsaponifiable matter of six batches 
of mixed human sebum, using alumina 


Batch 


———_ S/O 


E F K s T 
Fraction* (%) (%) (%) (%) (%) (%) 
I 45-6 37-5 37-3 39-7 30-0 40-3 
II 176 21-6 23-1 23-7 251 18-6 
Il 13:8 16-3 14:8 13-7 18-8 16-1 
IV 4-0 7-1 10-8 6-2 118 6-4 
Vt 2-2 63 6-4 9-1 6-2 13-2 
(6-1)3 (12-6)t 


* For details of the separation of these fractions see the text.. 


} This fraction contained a small amount (about 5% of its weight) of an aluminium compound. 
t Including the material insoluble in light petroleum. 


control tests with sebum to which had been added the 
natural vitamin, for our efforts to obtain a pure sample of 
this vitamin were unsuccessful. 

Tests were also made for the presence of two water- 
soluble vitamins, in case these vitamins were secreted in the 
sweat and carried overinto the sebum. The fluorimetric thio- 
chrome method was used for thiamine, and a photometric 
2:6-dichlorophenolindophenol method for ascorbic acid. In 
these two cases the tests were made on acid extracts of 
sebum, using 0-1N-HCl and 10% (v/v) acetic acid, re- 
spectively. 

Wherever possible control tests were also made with 
sebum containing added vitamin, in order to assess the 
sensitivity of the tests and the possibility of interference by 
other constituents of the sebum. 


RESULTS 


Properties of fractions obtained by chromatography 


Eight batches of sebum (D, EL, F, H, K, S, T and U, 
obtained, respectively, from groups of 25, 82, 22, 
23, 55, 60, 15 and 43 normal medical students) were 
fractionated by the chromatographic method. Five 
principal fractions were obtained from each batch, 
and details of the relative amounts of the fractions 









The crude hydrocarbon fraction gave an immedi- 
ate green coloration which slowly changed to brown 
in the Liebermann-Burchard test; this suggested 
the presence of substances other than paraffin and 
squalene (e.g. tetracyclosqualene; cf. Sobel, 1949). 
In an attempt to obtain further information about 
this fraction the infrared spectrum of the material 
which remained after removal of the solid hydro- 
carbon was examined. The result (curve B; Fig. 1) 
was, however, not conclusive. 

After the hydrocarbon fraction had been eluted 
from the column a band of yellow pigment followed. 
At first it was suspected that this compound was a4 
carotene, but further tests showed that it was not of 
this type. Its nature has not yet been established. 

Fraction II. The crude fraction was a pale- 
yellow wax, m.p. 48-52° and iodine number 40. It 
gave an unusual yellow coloration with a green 
fluorescence in the Liebermann-Burchard test. Re- 
fractionation on full-strength alumina yielded two 
fractions; a white, saturated wax, m.p. 49—50°, and 
a pale-yellow, viscous oil. The white wax on re- 
crystallization from acetone gave a substance, 
m.p. 62-5°, acetyl number 167, which yielded an 
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acetyl derivative with m.p. 48-3°. The same sub- 
stance (m.p. 64 and 65°; acetyl derivative, m.p. 
48-8°) was obtained by crystallizing the crude 
fraction from acetone without preliminary re- 
chromatography. (Found: C, 79-2; H, 13-5. Cale. 
for Cy9H,,0 (eicosanol): C, 80-5; H, 141%.) It is 
thought that this substance is eicosanol (m.p. 
65-5-66-5° (Levene & Taylor, 1924), 70° (Ameseder, 
1907); acetyl number, 168; acetyl derivative, m.p. 
44° (Ameseder, 1907)), but it has not yet been 
characterized to our satisfaction. 


Absorption (%) 
bh nD @ 
Ss 6 & 


nN 
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Fig. 1. Infrared absorption spectra of fractions A (——, in 
CS, solution) and B (- - - -, liquid film 50. thick) from 
the hydrocarbons (fraction I, Table 1) of the unsaponi- 
fiable matter of human sebum. A contains the solid 
saturated hydrocarbons and B the residue of fraction I 
after removal of A. (Measurements made by Dr H. P. 
Koch and Miss J. M. Fabian, using a Grubb-Parsons 
single-beam instrument.) 


The yellow viscous oil obtained on rechro- 
matographing the crude fraction gave the above- 
mentioned unusual coloration in the Liebermann- 
Burchard test. This material on analysis gave C, 
75-1; H, 11-9; mol.wt. (Rast) 497 and 477 (calc. for 
C39H590,: C, 75-9; H, 10-6%; mol.wt. 474) and it 
appeared to be identical with the primary thermal 
oxidation product of squalene described by 
Bolland & Hughes (1949). 

Fraction III. This fraction consisted of practic- 
ally pure cholesterol with traces of pigments. 
Recrystallization from ethanol gave typical chole- 
sterol crystals, m.p. 148°, and an acetyl deriva- 
tive, m.p. 114°, was also prepared. Both the crude 
fraction and the recrystallized material gave a 
negative Rosenheim (1929) test. 

Fraction IV. The crude fraction was a brown 
gum which gave a positive Liebermann-Burchard 
reaction, and an immediate brown coloration 
which slowly changed to green or blue-green in the 
Rosenheim test. Recrystallization from acetone 
yielded a small amount of a dirty-white solid, m.p. 
76-77° (another sample gave m.p. 95°). Treatment 
of the crude fraction with a solution of digitonin in 
methanol yielded a copious precipitate apparently 
of unchanged digitonin. The material not pre- 
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cipitated by digitonin was a brown gum and gave 
positive Liebermann-Burchard and Rosenheim 
tests. The colour obtained in the latter test was 
qualitatively different from that produced by 
ergosterol, an observation which was confirmed by 
the spectrophotometric investigations of Festen- 
stein & Morton (1952). Mr G. N. Festenstein in 
Prof. Morton’s laboratory kindly examined the 
ultraviolet absorption spectrum of this material and 
found no evidence of provitamins D, and D, (see 
Festenstein & Morton, 1952). If sebum contained 
such provitamins it is probable that the bulk of 
them would be in this fraction. This fraction thus 
contains an unidentified sterol or sterol-like sub- 
stance which is not precipitated by digitonin and is 
difficult to crystallize. 

Fraction V. This fraction was a dirty-white wax- 
like substance which gave a brown coloration in the 
Liebermann-Burchard test. Recrystallization from 
methanol gave a white amorphous substance, 
m.p. 79-81° and 78-82°; mol.wt. (Rast) 717. 

Fraction insoluble in light petroleum. This fraction 
on recrystallization from methanol gave a white 
wax, m.p. 78—79°, which on analysis gave C, 73-1; 
H, 12-1%; mol.wt. (Rast) 746. The nature of this 
fraction, which appears to be identical with fraction 
V, has not been established, but it is believed to 
contain oxidation products of squalene. 

Chromatography of oxidized squalene. Some of the 
above-mentioned fractions almost certainly con- 
tained oxidation products of squalene, and in order 
to obtain information about the behaviour of these 
compounds on alumina columns a sample of 
squalene that had undergone autoxidation was 
fractionated by the chromatographic method. 

Unchanged squalene (28% of the total material) was 
eluted first (i.e. corresponding to fraction I). Then came a 
colourless oil (7%) corresponding to fraction II; this gave 
the yellow-brown coloration with green fluorescence in the 
Liebermann-Burchard reaction. A yellow viscous oil 
(35-4 %) was eluted with CHCl, (corresponding to fraction 
IV of sebum) and this gave a dark-brown coloration in the 
Liebermann-Burchard test. The remainder of the material 
was eluted slowly with methanol (corresponding to fraction 
V of sebum), and consisted of a dirty-white substance which 
gave a dark brown Liebermann-Burchard reaction. It 
would appear, therefore, that fractions II, IV and V of 
sebum might be expected to contain any squalene oxida- 
tion products present in the unsaponifiable matter of sebum. 

In order to decide whether these oxidation products were 
present in sebum prior to collection or were produced during 
the subsequent manipulations, one batch of sebum (7’) was 
collected under conditions designed to reduce oxidation to 
a minimum. The acetone was removed by distillation in N, 
and under reduced pressure, on the day of collection, and 
the sebum was then saponified in the presence of pyrogallol 
using the method of Tosié & Moore (1945). Oxidation 
products of squalene were still apparently present, and 
fraction II still gave the peculiar yellow-brown Liebermann- 
Burchard coloration. 
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From the results of these experiments it is con- 
cluded that some oxidation of squalene takes place 
during the normal removal of acetone and subse- 
quent saponification, but that significant amounts 
of squalene oxidation products are present in the 
sebum prior to its removal from the skin. 


Table 2. 

Sebum 

Method (mg.) 
Emmerie (1940) (saponification) — 
200 
200 
Tosié & Moore (1945) (saponification in — 
the presence of pyrogallol) 200 
200 
Parker & McFarlane (1940) (removal of oo 
‘impurities’ with 85% (v/v) H,SO,) 200 
200 


Vitamin E and other FeCl,-reducing substances 


One of the most widely used chemical methods 
for determining vitamin E is that in which the 
colour given with ferric chloride and 2:2’-dipyridyl 
is measured colorimetrically (Emmerie & Engel, 
1938, 1939). Determination of the total FeCl,- 
reducing substances in sebum by this method 
showed that appreciable amounts (0-8—3-3 mg./g. 
sebum, calculated as «-tocopherol) were present, 
while recovery of added «-tocopherol was found to 


Table 3. FeCl,-reducing substances in sebum 


(Cale. as mg. 
a-tocopherol/g. of sebum) 


Total 1-78 
Acidic 1-35 
Neutral* 0-59 


* A similar value (0-60) was obtained with the un- 
saponifiable fraction of this sebum. This would suggest 
that the loss of reducing substances during the saponifica- 
tion was balanced by reducing substances liberated by 
hydrolysis of esters. 


be fairly satisfactory (82%). Further study was 
made of these FeCl,-reducing substances to decide 
whether, in fact, tocopherols were present. The 
effect of saponification, and of treatment with 85 % 
(v/v) sulphuric acid, was examined first. The results 
(Table 2) showed that significant amounts of FeCl,- 
reducing substances were present in the unsaponi- 
fiable fraction, though the control tests showed that 
appreciable destruction of added «-tocopherol 
occurred even when the saponification was carried 
out in the presence of pyrogallol as advocated by 
ToSié & Moore (1945). Treatment with 85% (v/v) 
sulphuric acid (Parker & McFarlane, 1940) removed 
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practically all the FeCl,-reducing substances from 
sebum, but added «-tocopherol was also destroyed; 
this modified method is, therefore, useless for toco- 
pherol determinations on sebum. With another 
batch of sebum (O) a comparison was made of the 
amounts of non-saponifiable, acidic and neutral 


Tocopherol determinations on human sebum 


Apparent 
Recovery tocopherol 
Tocopherol Tocopherol of added content of 
added found tocopherol sebum 
(mg-) (mg.) (%) (mg./g.) 
0-1 0-048 48 
aa 0-085 — 0-42 
0-05 0-105 40 
0-05 0-038 76 
— 0-084 — 0-42 
0-05 0-116 64 J 
0-06 0-057 95 
ae 0-009 _- 0-05 
0-06 0-020 18 


FeCl,-reducing substances present, and it was found 
(Table 3) that the largest amount was in the acidic 
fraction, the neutral or unsaponifiable fractions 
containing only about a third of the total FeCl,- 
reducing substances. The acidic fraction can be 
removed by extracting an ethereal solution of 
sebum with aqueous 1 % potassium hydroxide. 


Table 4. Tocopherol determinations on sebum 
after chromatography and acetylation 


Unsaponifiable FeCl,-reducing 
substances 
Sebum plus 
a-tocopherol* 
(mg./g. sebum) 


Sebum 
(mg./g. sebum) 


(a) Before passing through column 


Before acetylation 0-44 0-85 (recovery 82% 
After acetylation 0-22 0-29 


(b) After chromatography 


Unadsorbed: 
Before acetylation 0-19 0-46 (recovery 54%) 
After acetylation 0-08 0-08 
Adsorbed: 
Before acetylation 0-15 0-15 
After acetylation 0-0 0-0 


* 0-5 mg. «-tocopherol added/g. of sebum. 
g P g 


The unsaponifiable FeCl,-reducing substances 
were further investigated. The chromatographic 
method of ToSié & Moore (1945) was used, and 
determinations were made of the FeCl,-reducing 
power of the adsorbed and unadsorbed fractions 
before and after they had been acetylated (toco- 
pherol esters do not reduce ferric ions). In this 
chromatographic method «-tocopherol is not ad- 
sorbed by the column, whereas most of the - 
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tocopherol is adsorbed and many interfering sub- 
stances are completely adsorbed. The results 
(Table 4) show that the a-tocopherol content of 
these sebum samples was probably not greater than 
0-2 mg./g. sebum, even if allowance is made for a 
loss of 50 % of the vitamin in the saponification and 
chromatographic separation. These results suggest 
that only a trace of vitamin E is present in sebum, 
but that other FeCl,-reducing substances are 
present in the unsaponifiable fraction. 


3-0 


Batch O 
2:0 


1:0 


Be ee 
c= ¥ 


10 20 30 40 50 60 
Time after collection (days) 


Total FeCls-reducing substances as «-tocopherol (mg./g. sebum) 





Fig. 2. The effect of autoxidation on the total ( x ) and non- 
saponifiable (©) FeCl,-reducing substances of two 
batches (O and R) of human sebum. Earlier determina- 
tions of the total (@) FeCl,-reducing substances of batch 
O were made on the acetone solution of sebum. 


Since appreciable amounts of FeCl,-reducing 
substances are present in sebum it was thought that 
they might serve as antioxidants. The effect of 
autoxidation on the reducing capacity of sebum was 
therefore studied. 


Two batches of sebum were kept at room temperature in 
closed desiccators containing air. Samples were removed at 
intervals and determinations of total and unsaponifiable 
FeCl,-reducing substances were made, the method of Todié 
& Moore (1945) being used for the saponification. With one 
batch of sebum (QO) the amount of FeCl,-reducing substances 
in the acetone solution of sebum was determined, without 
removal of the acetone, immediately after collection and at 
intervals during the next 3 days. 


The results (Fig. 2) show that the acidic FeCl,- 
reducing material is rapidly oxidized, while the 
non-saponifiable substance remains constant for 
many days. The observation that, after prolonged 
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storage of the sebum, the amount of unsaponifiable 
FeCl,-reducing material is apparently greater than 
the total, may be accounted for by the liberation of 
FeCl,-reducing substances during the saponifica- 
tion or to the presence of interfering substances in 
untreated sebum, or to both factors. 

In some preliminary investigations we have fed 
considerable amounts of mixed tocopherols (the 
equivalent of 100-300 mg. of «-tocopherol/day, for 
up to 42 days) to two subjects, in an attempt to 
increase the excretion of vitamin E in the sebum. 
It was thought that any evidence of increased 
secretion of the vitamin might be of interest in view 
of the fairly frequent administration of relatively 
large doses of tocopherols to patients suffering from 
certain skin diseases. The amount of sebum col- 
lected from the forearms of these subjects was in- 
sufficient for chromatographic treatment of the 
unsaponifiable matter, and this investigation was 
limited to a determination of the total Fe(Cl,- 
reducing substances in the untreated sebum. These 
values showed considerable fluctuation from day to 
day, with each of the subjects studied, but the 
general conclusion drawn from the results was that 
the administration of large amounts of tocopherols 
did not lead to any significant increase in the ex- 
cretion of FeCl,-reducing substances. 


Vitamins other than tocopherols 


Many samples of fresh sebum collected from 
individual subjects and also a mixed sample from 
fourteen subjects were tested for vitamins A, K, B, 
and C and provitamin D, using about 100 mg. of 
sebum for each test. Tests were also made on 
specimens containing added vitamin, so that an 
upper limit could be put to the amount of vitamin 
that is detectable by these chemical tests under the 
conditions of our experiments. The results obtained 
are shown in Table 5, together with the results of 


Table 5. Colorimetric tests for vitamins in sebum 


Calculated limit 


of detection Amount found 


Vitamin (per g. sebum) (per g. sebum) 
A 10 i.u. None 
Pro-D, and D, 0-3 mg. None 
E 0-01 mg. 0-2 mg. 
K 0-1 mg. None 
B, 1-5 yg. None 
C 0-05 mg. None 


the vitamin E determinations. Sebum thus appears 
to contain little, if any, of the vitamins included in 
this list. It was not considered, however, that these 
colorimetric methods were sufficiently reliable or 
sensitive for these results to be accepted without 
confirmation, and at our request Prof. R. A. Morton 
kindly agreed to examine the ultraviolet absorption 
spectra of several batches of sebum. The results of 
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these studies, a preliminary report of which has 
already been made (Festenstein & Morton, 1951), 
confirm our observations that vitamins A and K, 
B-carotene and provitamins D, and D, cannot be 
detected in human sebum, and that only a trace, if 
any, of vitamin E is present (cf. also Festenstein & 
Morton, 1952). 


DISCUSSION 


In a previous investigation (MacKenna eé al. 1950) 
it was found that human sebum contains about 
32% of unsaponifiable matter, including 5% of 
squalene. The results recorded here show that the 
chief constituents of this unsaponifiable matter are 
hydrocarbons (30-46%), normal-chain aliphatic 
alcohols (14-20%) and cholesterol (14-19%). The 
remainder consists of oxidation products of 
squalene and several other unidentified sub- 
stances, including a ‘non-cholesterol’ sterol-like 
compound. 

Squalene accounts for 30-40% of the hydro- 
carbons, and the remainder of this fraction is mainly 
normal paraffins, though evidence suggesting the 
presence of another unsaturated hydrocarbon 
besides squalene has been obtained. The presence of 
hydrocarbons in sebum is of special physiological 
interest. It is possible that this elimination of 
hydrocarbons merely represents the excretion of 
metabolically useless substances, but there is also 
the possibility that some of them, in particular 
squalene, are important metabolites. A more 
complete examination is now being made of hydro- 
carbon excretion in the sebum by normal indi- 
viduals and by those suffering from various skin 
disorders, in order to obtain information about the 
possible functions of these compounds in skin 
metabolism. Squalene is present also in ovarian 
dermoid cyst lipids and other sebum-like materials 
(Dimter, 1932; Sobel, 1949) and the structural 
relationship between this hydrocarbon and caro- 
tenoids, some of the fat-soluble vitamins (e.g. A 
and D) and the sterols and steroids should not be 
overlooked. 

Squalene (C,,H;,) contains six double bonds, and 
it is fairly readily oxidized (Chapman, 1917). 
Oxidation yields several products, but Bolland & 
Hughes (1949) found that the chief product formed 
in the early stages of oxidation by oxygen at 55° is 
a diperoxide in which four atoms of oxygen are 
combined with 1 squalene molecule. Little isknown, 
however, of other oxidation products, though it is 
believed that some have a cyclic structure. Oxida- 
tion of squalene is accelerated by ultraviolet irradi- 
ation (Farmer & Sutton, 1942), and we were not 
surprised to find that part of the squalene in human 
sebum is present in an oxidized form. Sebum forms 
a thin film on the skin, with an average thickness of 
about 0-7 ., calculated from our yields from the 
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forearm, and at temperatures approaching 37°, and 
with occasional exposure to ultraviolet rays, oxida- 
tion of squalene and other unsaturated compounds 
in sebum will undoubtedly occur. Our results 
indicate that untreated human sebum contains 
several oxidation products of squalene, but because 
of the small amounts present and the relative lack 
of information about the chemical nature of the 
oxidation products, we have not yet been able to 
identify these compounds. 

No evidence has been obtained that human 
sebum contains ‘isocholesterol’ (lanosterol and 
agnosterol). These triterpene alcohols apparently 
occur only in the sebum of certain animals, notably 
the sheep, goat, llama and dromedary (Lederer & 
Kiun, 1945). Our observation provides a further 
example of the considerable differences between the 
sebum of different species of animals. 

Human sebum contains appreciable amounts of 
substances capable of reducing ferric chloride under 
the conditions usually adopted in the Emmerie & 
Engel (1938, 1939) colorimetric method for deter- 
mining vitamin E, or in various modifications of 
this method (cf., for example, Emmerie, 1940, 1949; 
Tosié & Moore, 1945). On the basis of these results, 
and in view of the fact that this method is widely 
used for the determination of the vitamin E content 
of blood, body fats and foods, it was concluded 
(MacKenna et al. 1950) that human sebum contains 
significant amounts of this vitamin. Our further 
investigations, in which we have used several 
methods for excluding non-tocopherol reducing 
substances, have shown, however, that the amount 
of vitamin E in sebum is in fact small; it is probably 
not greater than the amount present in adipose- 
tissue fat and other body fats. The problem of the 
chemical assay of vitamin E is ‘complicated by the 
plurality of tocopherols having different activities, 
by the interference of other inactive compounds, 
and by the instability of tocopherols during the 
manipulations’ (Eden & Booth, 1950). Thus it seems 
probable that a reliable value for the vitamin E 
content of human sebum will only be possible when 
a large amount of sebum can be collected for the 
more specific but laborious bioassay. It is of 
interest, however, that Festenstein & Morton (1951, 
1952) find that our samples of human sebum contain 
little, if any, vitamin E detectable by ultraviolet 
absorption. We have not yet established the nature 
of the non-tocopherol substances reducing ferric 
chloride present in human sebum, but the main 
constituent of this group is saponifiable and 
is apparently of acidic (or phenolic) nature. 
It seems probable that this compound (or com- 
pounds) may have a valuable antioxidant effect 
in sebum, thus retarding the oxidation of im- 
portant unsaturated fatty acids and any vitamin E 
present. 
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An exhaustive examination of human sebum for 
fat-soluble vitamins other than vitamin E has not 
been possible, but chemical tests have failed to 
reveal the presence of any of these vitamins in 
amounts which would be significant. The absence 
of vitamin A (and £-carotene) is interesting in view 
of the function of this vitamin in maintaining normal 
keratinization of the skin. Our observation in this 
respect is consistent with the finding of Cornbleet & 
Popper (1942) that vitamin A cannot be detected in 
the epidermis of man though significant amounts 
are present in the adjacent fatty tissues. 

Our inability to detect any provitamin D, and D, 
in human sebum is of special interest. Provitamin 
D, (7-dehydrocholesterol) has been isolated from 
pig skin by Windaus & Bock (1937) and has been 
shown, by ultraviolet spectrum methods, to be 
present in chicken skin (Koch & Koch, 1941) and in 
frog ovaries (Morton & Rosen, 1949). Hou (1930) 
has suggested that in the rat vitamin D is formed in 
the sebum. Helmer & Jansen (1937) have shown 
that irradiated human surface skin fat and also the 
surface skin fat from irradiated human subjects 
possess antirachitic activity. There is therefore a 
strong indication that in man vitamin D may be 
formed in the sebum, but it is difficult to reconcile 
this theory with the absence of provitamins D, and 
D, from human sebum unless the provitamin is 
another, as yet unidentified, substance. From this 
point of view the unidentified ‘sterol-like’ sub- 
stance in fraction IV is of interest since it gives a 
positive Rosenheim reaction. Some of the pro- 
perties of this compound are similar to those re- 
corded for 7«-hydroxycholesterol, but as yet we 
have been unable to precipitate it with digitonin. 
A further study of this compound is being made as 
part of a wider investigation on the mode of forma- 
tion of vitamin D by the skin. 
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SUMMARY 


1. A study has been made of the unsaponifiable 
matter of human sebum. Chromatographic analysis 
yielded hydrocarbons (30-46 % of the unsaponifi- 
able matter), cholesterol (14-19%), normal-chain 
aliphatic alcohols (about 20%) and some unidenti- 
fied substances including oxidation products of 
squalene. 

2. The hydrocarbon fraction contains 30-40% 
squalene, and a normal-chain paraffin (possibly 
pentacosane). 

3. The principal sterol present is cholesterol, but 
another sterol-like substance is also present. 

4. No vitamin A, 8-carotene, vitamin K, or pro- 
vitamins D, and D, could be detected by chemical 
tests on sebum or the separated fractions. 

5. Sebum contains appreciable amounts of ferric 
chloride-reducing substances. Part of this material 
is probably vitamin E, but not more than the 
equivalent of 0-2 mg. of tocopherol per gram of 
sebum. The principal reducing substance is an 
acidic (or phenolic) compound which may function 
as an antioxidant in sebum. 
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The absorption spectra of the samples investigated 
were examined between 230 and 500muz., with 
special reference to the ultraviolet region of the 
spectrum; in particular it was sought to establish 
evidence for vitamin E. 

a-, B-, y- and §-tocopherols show an absorption 
band near 295 mu., E{%, about 80. «-Tocopherol 
acetate shows a maximum at 285 my., H}%, about 
40. MacKenna, Wheatley & Wormall (1950, 1951, 
1952) have found sebum to contain appreciable 
amounts of FeCl,-reducing substances; part of this 
material is stated to be vitamin E, the amount not 
exceeding 0-2 mg. tocopherol per gram of sebum. 

The investigations to be described were carried 
out using sebum samples of about 1g. A simple 
calculation shows that under such circumstances 
detection of tocopherol must be difficult: if the 
whole amount (0-2 mg.) of tocopherol can be con- 
centrated in a volume of 4 ml. (in a 1 em. cell) then 
the extinction value at 295 my. will only be 0-4 (by 
way of comparison as small a quantity as 0-009 mg. 
vitamin A will give a similar extinction value at its 
absorption maximum). The chromatographic separ- 
ation must be such as to concentrate the tocopherol 
in one fraction. Furthermore, other absorbing 
materials will have to be eliminated for the maxi- 
mum at 295 muy. to be evident. 

A preliminary report of this work has already been 
given (Festenstein & Morton, 1951). Two samples 
of sebum and sebum unsaponifiable material were 
investigated. In addition, a further sample of un- 
saponifiable material, which had been assayed for 
FeCl,-reducing substances by MacKenna e¢ al. was 
examined; also a ‘sterol-like’ fraction provided by 
the same workers. 


EXPERIMENTAL 


Chromatography. Separations were carried out using 


Spence’s grade 0 alumina (weakened by controlled addition of 
water in some cases) ; chromatographic tubes of 9 and 14 mm. 


internal diameter were used, depending on the amount of 
material. 

The sebum or sebum fraction was usually dissolved in the 
minimum amount of light petroleum (A.R. quality) and the 
column developed at first with this solvent alone; any resi- 
due was discarded. Mixtures of ether and light petroleum, 
ether, methanol and ethanol were used as eluants. Arbi- 
trary fractions were collected, but where distinct bands 
appeared to be eluting the fractionation was extended. All 
fractions were taken to dryness and weighed before spectro- 
scopic examination; in the later work particularly, evapora- 
tion of solvent was carried out in an atmosphere of CO, or 
N,, to minimize oxidation of any tocopherol. 

The ether used was peroxide-free (usually distilled over 
reduced Fe before use). 

Spectroscopy. - Absorption spectra were determined 
quantitatively using a Beckman photoelectric spectro- 
photometer. Ethanol and cyclohexane were used as solvents. 
Readings were taken every 5 mu. in the range 230-310 muz., 
and every 10 mu. in the range 310-500 mu. 


RESULTS 


Sebum. The sebum itself showed mainly end ab- 
sorption, though there was a suggestion of an in- 
flexion between 270 and 300 mu. (Fig. 1). 

Chromatography resulted in a good fractionation 
(cf. Table 1), but no selective absorption obviously 
characteristic of vitamins E appeared in any frac- 
tion (Figs. 2 and 3). Since, however, fraction 2 
(sample 1, Table 1) showed a faint inflexion near 
290 muz., it was rechromatographed (Table 2), and 
absorption again examined (Fig. 4). No real 
evidence is found for the presence of tocopherol in 
any of these fractions. At least a marked inflexion 
at 290 my. should be shown to be indicative of toco- 
pherol. 

In view of the low recoveries from the chromato- 
graphy of the sebum (57 % even after elution with 
ethanol) it was decided to remove the free fatty 
acids prior to chromatography, lest these should 
prevent the elution of any tocopherol. 
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Table 1. Chromatography of sebum 
Fraction % of original 
no. Eluant wt. Ei%,, 295 mp. Character of ultraviolet absorption spectrum 
Sample 1. £}%, 295 mp.=3-0. 2 g., on 20g. alumina column 10 x 1-4 cm. 
l Light petroleum 27-9 2-4 Inflexion 250-270 mu. 
2 10% ether/p* 8-7 2-3 Inflexions 250-270, 245, 290 my. (?) 
3 20% ether/p 2-9 4-5 Weak inflexion 260-280 mu. 
+ 50% ether/p 7-4 4:5) 
5 Ether 6-3 4-5; Mainly end absorption 
6 Methanol 3-9 7-3) 
57-1% 
recovery 
Sample 2. £}%, 295 mp.=2-8. 1-2 g., on 20 g. alumina column 10 x 1-4 cm. 
1 Light petroleum 30-5 2-6 Inflexion 250-270 mu. 
+5% ether/p 
2 10% ether/p 4-4 23 Maximum 258 mu. 
3 50% ether/p 7-5 4-7) 
4 Ether 13-1 1-8 , , er 
5 Ethanol 0-6 41 Mainly end absorption 
6 Ethanol 1:3 5-7 
574% 
recovery 
* p=light petroleum. 
Table 2. Rechromatography of a sebum fraction 
(0-173 g., on alumina column 4-5 x 1-4 em.) 
Fraction ‘S % of original ; 
no. Eluant wt. Ei%, 295 my. Character of ultraviolet absorption spectrum 
I 2% ether/p* 2-9 5-4 Inflexions 235, 275, 305, 250-270 mu. 
2 5% ether/p 6-5 8-0 Weak maxima 233, 255 mu. 
Inflexions 245, 280, 290, 205 mu. 
3 10% ether/p 8-1 12 Maximum, 257 mu. 
Inflexions 290, 305 mp. 
+ Ether 45-7 1-3) ae i tans 
5 Ethanol 9:8 ut Chiefly end absorption 
73% 


recovery 


* p=light petroleum. 


Table 3. 


Chromatography of sebum from which free fatty acids and other materials had been removed 


(0-914 g., on 20 g. alumina column 10 x 1-4 em.) 


Fraction % of original 

no. Eluant wt. 

1 Light petroleum 39-2 

2 10% ether/p* 16-7 

3 50% ether/p 15-4 

+ Ether 13-7 

5 Ethanol 3-0 

88% 


recovery 


Ei%, 295 mp. 


Character of ultraviolet absorption spectrum 
Weak inflexion 250-270 mu. 
Very weak inflexion 250-270 mu. 
Very weak inflexion 260-280 mu. 


Doro cr 
“ 


Mainly end absorption 


bo 


* p=light petroleum. 


A solution of sebum in light petroleum was shaken with 


5% (w/v) Na,CO, solution until no more colour was ex- 


tracted. The light petroleum fraction was washed free from 
alkali, dried over anhydrous Na,SO, and taken to dryness. 

As a further means of concentration the residue obtained 
was partitioned between light petroleum and 90% ethanol 
(after Evans, Emerson & Emerson (1936) who washed a 
light petroleum solution of wheat-germ oil non-saponifiable 





material with small volumes of 92% methanol to remove 
‘xanthophylls and other inert material’). After removal of 
solvent the light petroleum fraction was chromatographed 
(cf. Table 3). 

The inflexions are not so marked as for the un- 
treated sebum fractions; also the E{%, 295 mp. 
values can be seen to be generally lower. 
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Fig. 1. Absorption spectra of sebum (in cyclohexane). Fig. 2. Chromatographed sebum fractions (sample 1) (in 
-——-, Sample 1, 0-08%; , sample 2, 0-06 %. cyclohexane). , Fraction 1, 0-042 %; ——-—-, fraction 
2, 0:087%; ---:- , fraction 3, 0-04 %. 





0 
230 250 270 290 310 $30 250 270 290 310 
mp. my. 


Fig. 3. Chromatographed sebum fractions (sample 2) (in Fig. 4. Rechromatographed sebum fraction 2 (sample 1) 
cyclohexane). , Fraction 1, 0-037 %; —-—-—-, fraction (in cyclohexane). , Fraction 1, 0-025%; ---- 
2, 0:132%; -----, fraction 3, 0-054 %. fraction 2, 0-033%; ----- , fraction 3, 0-034 %. 
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Table 4. Chromatography of sebum unsaponifiable matter 
Fraction % of original 
no. Eluant wt. Ei%, 295 mp. Character of ultraviolet absorption spectrum 
Sample 1. 0-5 g., on 20 g. alumina column 10 x 1-4 em. 
1 Light petroleum 40-2 — Weak maximum 270 my., £}%, 3-1 
2 10% ether/p* 1-6 — Maxima Ete, 
235 my. 360 
255 my. 335 
Faint inflexions 290, 305 my. 
20% ether/p 0-4 — Maximum 258 myz., £}%, 325 
Inflexions 270, 290 mu. 
4 50% ether/p 15-0 on) 
5 Ether 21-6 5 ": ; . 
6 Methanol 5-4 4 | Chiefly end absorption 
7 Methanol 0-4 15:8, 
846% 
recovery 
Sample 2. 1 g., on ‘weakened’ alumina column 12 x 1-4 cm. 
1 Light petroleum 47:3 3-5 Inflexions 250-260, 290 mu. (?) 
2 10% ether/p 7-5 6-2 Inflexion 250-270 my. 
3 10% ether/p 15-8 3 
O/ 
+ 10 go ether/p) 8-0 3 
20% ether/p ) Mainly end absorption 
5 20% ether/p 1-4 53 a P 
6 50% ether/p 0-5 18 
7 Ether 5-0 6 
8 Ethanol 0-5 
86% 
recovery 


* p=light petroleum. 


Unsaponifiable fraction of sebum. This material 
(as obtained by MacKenna et al.) was examined 
similarly. The first sample (batch M) showed an 
inflexion near 290 my. (#}%, 7-5) consistent with 
the presence of some vitamin E (Fig. 5). Correction 
for ‘irrelevant absorption’ by assuming the latter 
to be represented by a continuous curve (see upper- 
most curve, Fig. 5) gives the H}%, 290 mu. of the 
selectively absorbing material as about 0-25. It 
follows that the tocopherol content of the fraction 
could be of the order 0:3%. The material was 
chromatographed (Table 4). 

Since fractions 2 and 3 showed inflexions at 
290 mu. (Fig. 6), they were rechromatographed, as 


shown in Table 5. 


Fraction 2” (Fig. 7) exhibits a genuine inflexion at 
280-300 my. which could be due to a trace of toco- 
pherol, although this is not certainly the absorbing 
entity. 

A second sample of sebum unsaponifiable matter 
was obtained here by saponification according to 
the method of Emmerie (1940), who saponified 
wheat-germ oil under these conditions to obtain 
98% recovery of tocopherol. MacKenna eé al. 
(1952), using this method on sebum, obtained 40% 
recovery of added tocopherol; they recommend 
saponification in the presence of pyrogallol accord- 
ing to the method of ToSié & Moore (1945), 
when 64% of the tocopherol added to sebum is 
recovered. 


Table 5. Rechromatography of fractions 2 and 3 


Fraction 2 (0-008 g.) on alumina column 4 x 0-9 cm. 


Fraction no. 


Character of ultraviolet absorption spectrum 


yr Maximum 232 mu.; feeble inflexion 258 my. 
2’ Maximum 235 muy.; inflexions 245-260, 285 my. 
3’ Maxima 240, 260 mp. (weak) 
4 Maximum 258 muz.; feeble inflexions 280, 290 mu. 
5’ Maxima 255, 261 mp. 
Fraction 3 (0-002 g.) (Table 4) plus 4’ from the previous chromatography were 


rechromatographed on an alumina column 3 x 0-9 cm. 


1” 
Q" 


3” 


Maximum 258 mu.; inflexions 280, 290 mu. 
Maximum 265 mu.; inflexion 290 mp. 
Maxima 255, 261 mu.; inflexion 275 mu. 
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Fig. 5. Sebum unsaponifiable material (in cyclohexane). Fig. 6. Chromatographed sebum unsaponifiable material 
——, Sample 1, lower curve 0-04 %; upper curve is lower (sample 1) (in cyclohexane). ——, Fraction 2, 0-002% 
curve x 2-5. ----- , Sample 2, 0-05 %. ———-, fraction 3, lower curve 0-001 %, upper curve is 


lower curve x 4. 
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Fig. 7. Twice rechromatographed sebum unsaponifiable Fig. 8. Chromatographed sebum unsaponifiable material M 

material (sample 1). ——, Fraction 1” ;—-——-, fraction 2”; (sample 2) (in cyclohexane). , Fraction 1, 0-095 %; 

cece. , fraction 3”. _—---, fraction 2, 0-023%; -----, fraction 3, 0-063 %. ‘ 
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The unsaponifiable sample (2) showed E}%, 
295 my. 4°5; if an inflexion is present at 290 mu. it 
is very faint indeed (Fig. 5). Chromatography 
(Table 4) was carried out on ‘weakened’ alumina to 
minimize oxidation—in case the alumina was 
responsible for oxidation of any tocopherol. 

Only fractions 1 and 2 showed selective absorp- 
tion, and this was not very pronounced (Fig. 8). Itis 
interesting to compare the curves with those ob- 
tained from chromatography of the first sample 
(see Fig. 6): the maxima at 235 my. and in the 
vicinity of 260 mp. are not so evident, neither is 
there an inflexion at 290 mp. except possibly for 
fraction 1. 
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the highest absolute (and relative) amount of 
FeCl,-reducing substances was fraction 6. Assuming 
the reducing material to be exclusively tocopherol, 
the absorption contributed by the latter would be of 
the order of 5 % of the total. The absorption curve 
only shows a very faint inflexion at about 280 mu. 
(see Fig. 9); correction of this curve (assuming 
tocopherol to be the reducing entity) eliminates 
some of the absorption but the inflexion is not 
entirely eliminated. 

Rechromatography of this fraction was carried 
out as previously, except that the material was 
initially dissolved in a solution of 1% ethanol in 
light petroleum (Table 7). 


Table 6. Chromatography of sebum unsaponifiable fraction 


(0-37 g., on ‘weakened’ alumina column 12 x 1-4 cm.) 


Fraction % of original 
no. Eluant wt. 
] 10% ether/p* 29-6 
2 10% ether/p 21-2 
3 50% ether/p 29-6 
+ 50% ether/p 7:3 
5 Ether 4-3 
6 Ethanol 4-8 


Ei%, 295 my. 


Character of ultraviolet absorption spectrum 


3-1 Inflexion 260-290 mu. 

2-0 Weak inflexion, 260-290 my. 
2-9) 

4-3 Chi : 

7-7 iefly end absorption 

5-0 


Correlation of reducing properties and spectrophotometric data 


FeCl,-reducing 
substance as 


1% 905 
Ey &q, 295 muy. 


Contribution to 
absorption by 


Fraction ‘x-tocopherol’ due to EL%, 295 mp. ‘x-tocopherol’ 
no. (ug-) ‘x-tocopherol’ obs. %) 
1 13 0-009 3-1 0-3 
2 28 0-027 2-0 4 
3 50 0-035 2-9 1-2 
4 16 0-046 4:3 1-1 
5 18 0-087 7-7 1-1 
6 53 0-23 5-0 4-6 


* p=light petroleum. 


Correlation of absorption spectra and FeCl,-reducing 
properties of sebum unsaponifiable fractions 


The sample was provided by Dr V. R. Wheatley 
and Prof. A. Wormall. It had been saponified in the 
presence of pyrogallol according to the method of 
To8ié & Moore (1945); hydrocarbons had been 
removed and the remainder assayed for FeCl,- 
reducing substances. The value 0-86 mg. ‘«-toco- 
pherol’/g. of sample was obtained. The absorption 
spectrum shc wed a weak inflexion between 260 and 
290 mp., Hi%, 295mp.=3-2. After chromato- 
graphic separation (Table 5), the various fractions 
were separately tested for the presence of FeCl,- 
reducing substances by a modification of the 
Emmerie-Engel colorimetric test used by ToSié & 
Moore (1945). 

It should be noted that the FeCl,-reducing 
properties are spread over all the fractions; there is 
destruction of reducing power on chromatography, 
but less than 50%. The fraction which contained 





The absorption of fraction 2 is shown in Fig. 10; 
it is the chief fraction showing selective absorption 
near 290 my. The lower curves show correction 


Table 7. Rechromatography of richest 
FeCl,-reducing fraction 


(0-016 g., on ‘weakened’ alumina column 8 x 0-9 cm.) 


Fraction Character of ultraviolet 
no. Eluant absorption spectrum 
1 1% ethanol/p* Weak inflexion 250-260 mu. 
2 5% ethanol/p Inflexion 265-290 mu. 
3 10% ethanol/p Weak inflexion 270-290 mu. 
4 oo a 
6 = 0 Shemale | Mainly end absorption 
7 Ethanol ; 


* p=light petroleum. 


assuming 20 and 10 % of the absorption at 295 mu. 
to be contributed by «-tocopherol. It is evident 
from consideration of the ‘corrected’ curves that 
there may be small amounts of tocopherol, but the 
main absorbing entity is not tocopherol. 
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Table 8. Chromatography of ‘sterol-like’ fraction from sebum unsaponifiable matter 


(0-100 g., on ‘weakened’ alumina column 9 x 0-9 cm.) 


Fraction 
no. Eluant wt. 
1 5% ethanol/p* 9 
2 7-5% ethanol/p 50 
3 10% ethanol/p 9) 
4 20% ethanol/p 2) 


% of original 


Character of ultraviolet 
absorption spectrum 
Maximum 233 mu.: E}%, =132; 
weak maximum 278 mu.: H}%, =43 
Weak maximum 235 my.: E} 2%, =83 


Chiefly end absorption 


* p=light petroleum. 


‘ Sterol-like’ fraction. This fraction was obtained 
from Dr V. R. Wheatley and Prof. A. Wormall; for 
the method of obtaining it see MacKenna e¢é al. 
(1952). The spectrum of the fraction showed a weak 
inflexion at 265-320 mp., Hi®, 280 mp.=27°5. It 


was chromatographed as shown in Table 8. The 
absorption of fraction 2 is shown in Fig. 11. 





250 270 290 310 
mp. 
Fig. 9. Spectrum of most potent FeCl,-reducing fraction 


and the effect of correcting for «-tocopherol as absorbing 
material. (In ethanol.) 


Both fractions 1 and 2 gave a blue colour with 
90 % trichloroacetic acid (after Rosenheim, 1929) 
and with antimony trichloride in chloroform (after 
Carr & Price, 1926). Both these colorations showed 
principal absorption maxima in the vicinity of 
660 mp. when examined on the Hilger-Nutting 


instrument; in the Rosenheim test fraction 1 also 
gave a faint 600 muy. band. 

As pointed out by MacKenna et al. (1952) it is 
possible that the compound responsible for the 
coloration is 7a-hydroxycholesterol. 7a-Hydroxy- 
cholesterol dibenzoate (m.p. 175°) was therefore 
examined: a band at 660 mp. accompanied by a 





Fig. 10. Fraction from rechromatography of most potent 
FeCl,-reducing concentrate and correction for «-toco- 
pherol assuming 10 and 20 % of the absorption at 295 my. 
to be contributed by the tocopherol. 


weaker one at 575 mu. was observed in the Carr- 
Price test. 

At no stage in the work ,was spectrophotometric 
evidence obtained for the presence of provitamins 
D, vitamins A and K or carotene. 
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Chemical investigations of the various fractions 
obtained from chromatography of sebum un- 
saponifiable material, sample 2, were carried out as 
follows: 

The hydrocarbon fraction (1) was three times 
recrystallized from boiling ethanol when it was 
possible to separate a white wax-like material, 
m.p. 56° (C, 85:12; H, 14-42%; mol.wt. (Rast), 
560). The remainder of the fraction was taken up in 
acetone and treated with dry hydrogen chloride gas. 
After taking to dryness some crystalline material 
separated (m.p. 106-109°; Cl, 32-5%). This was 
probably a mixture of the various isomers of 
squalene hydrochloride (Heilbron, Kamm & Owens, 
1926). The calculated Cl content of squalene 
hydrochloride is 33-86 %. 


10 


08 


06 


0-4 


02 


250 270 290 310 


mu. 
Fig. 11. Chromatography of ‘sterol-like’ fraction (in 


ethanol). , Fraction 1, 0-0072%; —-—-, fraction 2, 
0-0075 %. 


0 
230 





The main sterol fraction (4) was twice recrystal- 
lized from methanol and shown to be cholesterol 
(m.p. 145°). 

The strongly adsorbed fraction (7) was re- 
crystallized from methanol when some light yellow- 
brown crystalline material (m.p. 79-81°) was 
obtained. 

In these investigations the findings of MacKenna 
et al. (1950) have been confirmed. 


DISCUSSION 


The primary question is whether there is any 
vitamin E in sebum. The first sample of sebum un- 
saponifiable material has a spectrum with an in- 
flexion at 290 my. (see Fig. 5). Correction for 
‘irrelevant absorption’ (see p. 171) results in an 
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estimate of 0:3% tocopherol for the particular 
fraction examined. This fraction after chromato- 
graphic separation yielded two fractions with in- 
flexions at 290 my.: one with maxima at 235 and 
255 mu. as well, and the other with a maximum at 
258 my. Again using the method of extrapolation 
for eliminating ‘irrelevant absorption’, the toco- 
pherol in the original fraction is 0-1% calculated 
from fraction 2 and 0-06% calculated from frac- 
tion 3. 





Fig. 12. Spectrum of sebum (sample 1) plus addition of 5, 
10 and 20% of absorption at 295 my. as «-tocopherol. 


These estimates are at best very approximate, 
yet there is an indication that there is loss of 
‘290 mp. material’ on chromatography. It is 
doubtful whether the absorption at 290 mu. is due 
to tocopherol or is merely part of the absorption 
spectrum of the 235 my. and/or the 255 muy. 
absorbing material. 

Some of the fractions obtained from the sebum 
itself (see fraction 2, Fig. 2, and fraction 2, Fig. 4) 
show faint inflexions at 290 my. There, too, there is 
other and more pronounced selective absorption— 
at 235 and 255 mu. It seems certain, however, that 
the 290 my. material was not produced during the 
saponification process. 

Assessment of tocopherol content where there is 
no 295 my. maximum is not easy. An approximate 
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figure for the percentage tocopherol required to 
produce an inflexion in a sample showing mainly 
end absorption has been calculated as follows: a 
curve showing chiefly end absorption—in this case 
of sebum sample 1—was plotted; then assuming 
5 % of the absorption at 295 my. to be due to toco- 
pherol, the effect of superimposing the amount on 
the original curve is shown. The procedure is also 
carried out for the effect of 10 and 20% of the 
absorption at 296 my. estimated as tocopherol 
(Fig. 12). 

In the case of 20 % the effect on the curve is quite 
marked, and 10% produces a distinct inflexion. It 
is therefore suggested that it is a reasonable 
approximation to assume that if no inflexion is 
evident then the absorption due to tocopherol 
cannot exceed 5 % of the total absorption observed 
at 295 mu. (The values for the tocopherol absorp- 
tion spectrum have been interpolated from the 
graphical data provided by Robeson & Baxter 
(1943) for «-tocopherol, H}%, 292 myp.=73.) On 
this basis the maximum amount of tocopherol in 
any of the non-saponifiable fractions is 0-03 % for 
the first sample and 0-02 % for the second sample 
(expressed as percentage of sebum). The amount 
assessed by MacKenna et al. (1952) is of the order of 
0-02 %. 

Cuthbertson, Ridgeway & Drummond (1940) 
have carried out the spectroscopic examination of 
various rat tissues; they claim that small amounts of 
tocopherols may easily be missed when they are 
insufficient (i.e. <0-1%) to produce an inflexion in 
the ultraviolet absorption curve of the fat itself. 
They also found that amounts of tocopherols 
sufficient to give rise to distinct inflexions in the 
absorption curves of the crude extracts from tissues 
do not always reveal themselves by maxima at 
290-294 my. Low concentrations tend to influence 
the curve in the vicinity of 270-280 mu. ; increasing 
concentration tends to shift the position of the 
maximum towards the region characteristic of the 
tocopherols. According to Cuthbertson et al. direct 
spectroscopic estimation of tocopherols in crude 
tissue extracts is unreliable if the proportion is much 
below 1%, but examination of the unsaponifiable 
fraction will enable quantities down to 0-1% to be 
determined satisfactorily. These conclusions have 
been drawn from experiments where known amounts 
of tocopherol were added to rat kidney fat and rat 
body fat. (These rats were fed on a vitamin E- 
deficient diet and the spectra of the original ex- 
tracts show end absorption only.) 

Regarding the detection of 0-1 % in unsaponifi- 
able material, this would correspond to 0-03 % as 
percentage of sebum (MacKenna et al. (1950) quote 
the unsaponifiable content of sebum as 32%). 

The inflexions between 260 and 300 mp. may on 
this basis be indicative of small amounts of toco- 


pherols; this assumption is best treated with 
caution. The fraction obtained from rechromato- 
graphy of the richest FeCl,-reducing material (see 
Fig. 10) shows a distinct inflexion between 260 
and 290myz. Correcting this curve for toco- 
pherol eliminates some of the selectively absorbing 
material, but not all of it, suggesting the presence 
of something other than tocopherol. 

It is of interest in this connexion to recall the 
findings of Moore & Rajagopal (1940), who investi- 
gated the spectroscopic properties of various rat 
tissues, with special reference to vitamin E content. 
Unsaponifiable fractions of tissues were examined 
from: (1) vitamin E-deficient rats; (2) rats fed 
on a diet reinforced with synthetic «-tocopherol; 
(3) rats fed on a diet containing wheat-germ 
oil. In all the rats absorption due to unidentified 
substances was shown, usually by an inflexion at 
280 muy. 

It should be borne in mind that the selectively 
absorbing material may be oxidation products of 
squalene. MacKenna et al. (1952) have detected 
oxidation products of squalene in three of their five 
principal fractions obtained from sebum unsaponi- 
fiable material. 

With regard to the ‘sterol-like’ material, if it 
were 7-hydroxycholesterol, then it should be pre- 
cipitated by digitonin, and according to MacKenna 
et al. (1952) it is not. The only evidence MacKenna 
et al. have in favour of the substance being a sterol 
is a positive Liebermann-Burchard and Rosenheim 
test. It has been suggested by Dr T. Moore that the 
compound may arise by heating cholesterol. 

Kaishio & Gardner (1930) found that specimens 
of cholesterol heated in open test tubes at various 
temperatures from 160 to 200° developed a blue 
colour with Rosenheim’s reagent, with a band near 
660 mu. and a faint subsidiary band near 610 mu. 
This appears to be identical with the fractions 
tested. It is known that the 7 position of the sterol 
nucleus is the most susceptible to oxidation, and 
it is quite likely that Kaishio & Gardner produced 
7-hydroxycholesterol by heating cholesterol. 
7-Hydroxycholesterol has no absorption band at 
235 or 278 mu., but 7-ketocholesterol would show 
a maximum in the vicinity of 235 my. and it may 
well accompany 7-hydroxycholesterol as the next 
oxidation product. 


SUMMARY 


1. Spectrophotometric studies have been carried, 


out on human sebum and sebum unsaponifiable \ 
fractions. The principal selectively absorbing sub- \ 


stance shows ),,,, =258 mp. This has not been 
identified. ° 

2. No vitamin A, f-carotene, vitamin K or 
provitamin D has been detected. 
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3. Vitamin E may be present in small amounts. 
The evidence is doubtful ; if tocopherol is present it 
is outside the range of detection of normal spectro- 
scopic measurement. It is estimated that the 
amount of tocopherol cannot exceed 0-03 % of the 
sebum. 

4. Two fractions from a ‘sterol-like’ substance 
provided by MacKennaet al. (1952) have been shown 
to both give a blue colour with trichloroacetic acid 
(Apax. 660 mp.) and with antimony trichloride in 
chloroform (A,,,,, 664 my.). One shows A,,,,, 235 mp. 
and the other A,,,,, 278 my. (weak) as well. 
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5. Cholesterol, squalene, a hydrocarbon, m.p. 
56°, and an unidentified substance, m.p. 79-81°, 
have been isolated. 


This work has been undertaken at the request of Prof. A. 
Wormall of St Bartholomew’s Hospital Medical College, 
London, and we are indebted to him for all the sebum 
samples used. 

We are indebted to the Medical Research Council for a 
grant to the work of the Department. One of us (G.N.F.) 
held the Johnston Fellowship in the University of Liver- 
pool. 
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The Reactivity of Radiomimetic Compounds 
1. CROSS-LINKING OF PROTEINS 
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Chester Beatty Research Institute of the Royal Cancer Hospital, London, S.W. 3, and 
Department of Inorganic and Physical Chemistry, Imperial College, London, S.W. 7 


(Received 6 November 1951) 


Within the last five years a number of different 
compounds has been shown to produce biological 
effects similar to those of X-rays. Radiomimetic 
activity has been defined by Loveless (1951) as a 
highly specific effect upon the resting cell producing 
an alteration of the genetic material which is re- 
vealed by chromosome breakage and rearrangement 
in subsequent divisions. Radiomimetic compounds 
are powerful growth inhibitors and have found 
limited use in the chemotherapy of malignant 
disease. Several have been demonstrated to be both 
carcinogenic and mutagenic (Haddow, 1951). 
Chemically, all the compounds in this class can be 
considered as alkylating agents (Loveless, 1951); 
they includesulphur mustard and nitrogen mustards, 
epoxides, ethyleneimines and O-methanesulphonyl 
derivatives of hydroxy compounds. Haddow, Kon 
& Ross (1948) demonstrated that, in the bischloro- 
ethylamine (nitrogen mustards) series, the struc- 
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tural condition requisite for biological activity is the 
presence of two halogenoalkyl groups. It has since 
been found that this requirement holds throughout 
the whole series and that, with the exception of a few 
isolated cases, only compounds with two alkylating 
groups in the molecule are active in the intact 
animal (Hendry, Homer, Rose & Walpole, 1951; 
Haddow, private communication). In tests in vitro, 
unifunctional compounds are capable of bringing 
about radiomimetic effects, but only at concentra- 
tion 50 to 100 times those required for corresponding 
multifunctional compounds (see Biesele, Philips, 
Thiersch, Burchenal, Buckley & Stock, 1950; 
Loveless & Ross, 1950). 

These observations led Goldacre, Loveless & Ross 
(1949) to propose the hypothesis that the radio- 
mimetic compounds exert their biological action by 
cross-linking genetic material such as chromatid 
threads. This hypothesis could not be tested directly, 
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but has found support in the findings that mustard 
gas cross-links nucleic acid (Elmore, Gulland, 
Jordan & Taylor, 1948) and alginic acid (Deuel & 
Neukom, 1949) and that bisepoxides cross-link 
alginic acid and pectin (Deuel, 1947) and wool (Capp 
& Speakman, 1949; Fearnley & Speakman, 1950). 

To determine if a correlation exists between 
biological activity and the ability to cross-link 
proteins, a representative selection of radiomimetic 
compounds and some multifunctional but inactive 
substances was examined. 

The two proteins studied were crystalline bovine 
serum albumin and wool. The soluble protein was 
treated in aqueous solution and cross-linking was 
measured directly by determining the change in 
molecular weight by light scattering. In the case of 
wool, which is already extensively cross-linked by 
disulphide bonds, the formation of additional cross- 
links can be determined only after the disulphide 
links have been broken. 


EXPERIMENTAL 


Materials 


Crystalline bovine serum albumin was obtained from 
Armour Laboratories, Lindsey St., London, E.C. 1, and 
found to be electrophoretically homogeneous in potassium 
phosphate buffer, pH 7-2, ionic strength 0-1. Root ends of 
Lincoln wool fibres were used after purification by successive 
Soxhlet extractions with ethanol and ether. 

Compounds not commercially obtainable were prepared 
in the Organic Chemistry Department of the Chester Beatty 
Research Institute and kindly supplied by Mr G. M. Timmis, 
Dr W. C. J. Ross and Mr J. L. Everett. The dihalogen 
derivatives of dinitrobenzene were kindly provided by 
Imperial Chemical Industries Ltd. For the compounds 
shown in Table 2, the methods of preparation are given as 
follows: compound no. 1, Ward (1935); no. 3, Ross (1949); 
no. 7, Everett & Kon (1950). Compounds nos. 11-16 were 
prepared by the action of methanesulphony] chloride on the 
corresponding alcohols (Timmis, 1950, 1951). 


Treatment of wool fibres 


Wool fibres (1 g.) were suspended in 25 ml. water, 
NaHCO,, borate or acetate buffer (depending on the pH 
required) containing 3 x 10-* moles of the reagent. If the 
reagent was not sufficiently soluble, the excess was present 
as solid. Solution of the less water-soluble compounds in 
aqueous acetone or ethanol did not lead to more extensive 
reaction and these mixed solvents were therefore not used. 
The reaction mixture was shaken at 40° for 1 day and then 
left standing for 2 days at the same temperature. The 
mustards and mesyloxy compounds (see Table 2) hydrolyse 
in water with the liberation of acid, and it is therefore 
difficult to maintain the pH constant. High concentration 
of buffer cannot be used, since all the radiomimetic alkylating 
compounds readily react with anions (see, for example, 
Ross, 1950), which compete with the proteins for the reagent. 
To study the reactions at different pH values a compromise 
had to be made between pH stability and the extent of the 
competing reaction; 0-4m—0-5m-sodium borate or acetate 
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buffers and NaHCO, were therefore used. With NaHCO, the 
pH remained steady at 8-2, but with the other buffers pH 
changes of as much as 1 unit occurred. Epoxides hydrolyse 
without change in pH, and in the case of the ethyleneimines 
the pH change is small, so that 0-1m buffer was sufficient, 
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Modified wool fibres 


The amino groups of wool were acetylated by the LG. 
Farben process (Alexander & Whewell, 1947), and 90% of 
the «-NH, groups appeared to have reacted in this way. 
(This value was determined by treating the fibres with 
1-fluoro-2:4-dinitrobenzene and estimating the amount of 
dinitrophenyllysine formed.) The carboxyl groups were 
esterified by refluxing wool fibres in anhydrous 0-1y- 
methanolic HCl for 4 hr. (Alexander, Carter, Earland & 
Ford, 1951). 

Cross-linking of wool fibres 


Speakman (1947) showed that a wool fibre contracts in 
length after treatment with a solution of NaHSO, at 100° 
(‘supercontraction’), but that this contraction was pre- 
vented if new non-disulphide cross-links were introduced. 
This method is not, however, completely unambiguous, 
since the extent of contraction depends also on the relative 
number of charged groups in the fibre. For example, 
thorough esterification of the carboxyl groups brings about 
a diminution in the degree of contraction (Blackburn & 
Lindley, 1948). This difficulty was eliminated by investi- 
gating the action of the corresponding uni- and bi-functional 
compounds in parallel experiments which enables effects due 
toesterification only and to cross-linking to be differentiated. 
Contraction is also diminished without cross-linking by 
depositing large quantities of polymers within the fibres. 
As some of the compounds studied are known to polymerize 
(Hendry et al. 1951), the extent of reaction was so adjusted 
that the increase in weight of the wool fibres was not greater 
than 5% (except for the halogeno-2:4-dinitro compounds, 
which cannot polymerize), since this amount of polymer 
does not affect fibre contraction. The bisulphite test may fail 
to detect cross-links if these are not stable to the severe 
conditions employed in the test, and for this reason the 
contraction and solubility of fibres after oxidation with 
peracetic acid was determined. This reagent, used at room 
temperature, confines its attack to the disulphide bonds and 
after 90 % of these have been oxidized, the fibre contracts in 
length (Alexander, 1951) and dissolves in 3N-aqueous 
ammonia leaving only the subcuticle (10% of the whole 
fibre). The reaction with peracetic acid is relatively mild, 
and, even after contraction, the fibre retains its «-keratin 
structure, whereas bisulphite at 100° brings about complete 
disorientation. Only by making these several tests and 
taking the precautions outlined is it felt that cross-linking 
can be unambiguously established and distinguished from 
other possible effects. 

Bundles of fibres were tied at each end with cotton thread, 
and the distance between the tie bands measured. The 
fibres were then immersed in 5% (w/v) NaHSO,, main- 
tained at 100°, withdrawn after 1 hr., rinsed and dried 
between filter papers; the length was again measured. The 
contraction was expressed as percentage change in length. 
The contraction in peracetic acid was determined after 
treatment for 25 hr. at 22° in 1-6 % peracetic acid prepared 
by the method of Greenspan (1947). The solubility of the 
fibres after oxidation with peracetic acid was determined by 
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treating a weighed bundle of fibres as above, immersing in 
0-3 N-aqueous ammonia for 24 hr. at room temperature and 
filtering the residue on a coarse sintered-glass filter. All 
determinations were carried out in duplicate. Control 
samples of fibres treated only in buffer were tested simul- 
taneously. Satisfactory reproducibility was obtained as 
long as fibres from the same batch were used. Treatment of 
wool fibres at pH >9 at 40° for 3 days leads to extensive 
formation of lanthionine cross-links which prevent contrac- 
tion in bisulphite (Speakman, 1947), or in peracetic acid 
(Alexander, 1951), and solubilization of the oxidized wool in 
dilute NH;. For this reason it was impossible to carry out 
reactions at pH >9. The small number of cross-links intro- 
duced at 40° at pH 9, though not sufficient to influence 
contraction, can diminish the solubility of the oxidized fibre 
(see Table 1), and this is therefore an extremely sensitive 
method of detecting cross-links. 


Determination of molecular weight by light scattering 


The reaction of the radiomimetic compounds with bovine 
serum albumin was examined at two concentrations of 
protein, 0-5 and 2%, and with 10-? and 2 x 10-2 solutions 
of the reagents (4x 10-?m solution of compound no. 1) 
respectively in 0-1M-sodium phosphate buffer to maintain 
the pH at 7. (In the experiments with epoxides no buffer was 
present.) The protein and reagents were carefully filtered 
through porcelain candles with a pore size of 0-5 yw. diameter, 
mixed together in sterile vessels and allowed to react at 40° 
for 5 days. The reaction mixture was cooled to room tem- 
perature and the light scattered at right angles measured for 
various dilutions made with filtered 0-1 M-phosphate buffer 
to maintain constant ionic strength. The intensity of the 
light (I) scattered by the protein was compared with that 
scattered by pure nitrobenzene and the results expressed as 
the relative scatter, t=Iprotein/Znitrobenzenes From a graph 
of c/r against c (where c is the concentration of protein in 
g./ml.) the mol.wt. was determined from the intercept at 
zero concentration. This method has been used by Edsall, 
Edelhoch, Lontie & Morrison (1950). Their value of the 
molecular weight for the untreated protein was accepted as 
a standard and the other molecular weights determined by 
reference to this value. The same molecular weight was 
obtained for solutions of protein immediately after mixing 
and after keeping for 5 days at 40° indicating that no 
aggregation of the untreated protein occurred, as was found 
by Bier & Nord (1949) with egg albumin. During filtration 
through 0-5 p. filters, 10-20 % of the protein of the stock 4% 
solution of protein was retained by the filter. This ensured 
complete clarification, but made it impossible to filter a 
heterogeneous reaction product since the larger particles 
would be preferentially retained. 


RESULTS 
Cross-linking of soluble proteins 


Comparison of Figs. 1 and 2 shows that cross-linking 
occurred only in protein solutions containing 2% 
protein, even though in the more dilute (0-5 %) 
solution twice the proportion of reagent to protein 
was used. An increase in molecular weight, i.e. 
cross-linking, is indicated when the intercept on the 
ordinate is less than that for untreated protein. This 
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behaviour is similar to that found in other systems; 
cross-linking of alginic acid by mustard, first 
observed by Deuel & Neukom (1949), was found to 
occur only in relatively concentrated solutions of 
the polymer. With the sodium salt of polymeth- 
acrylic acid it has also been shown that the reaction 
with nitrogen mustards is almost wholly intra- 
molecular at polymer concentrations of 0-1 % or less, 
but that in more concentrated solutions cross- 
linking leading to gel formation readily takes place 
(Alexander, unpublished observations). 

The nitrogen mustard and the bisepoxide cross- 
linked serum albumin while the dimethane- 
sulphonyl compound failed to do so, although it is 
a very effective cross-linking agent for wool fibres 
(see p. 182). Propylene oxide seems to have had a 
degrading effect, which is being further investi- 
gated. The pronounced change in slope of the ¢/r 
against c curve of the protein treated with both the 
chloroethyldimethylamine and the bischloroethy]l- 
methylamine indicates that the charge on the protein 
has been increased (Edsall et al. 1950), although a 
change in molecular weight was only produced by 
the bifunctional compound. The change in gradient 
is also observed in the reaction of the nitrogen 
mustard with a 0-5% protein solution when no 
cross-linking occurred (see Fig. 1), and it can be 
concluded that the nitrogen mustard has reacted 
intramolecularly. 

Epichlorhydrin and 2:4:6-tris-(ethyleneimino)-s- 
triazine (Table 2, compound no. 9) are both very 
effective cross-linking agents for serum albumin, 
and reaction with these compounds under the con- 
ditions used in the above experiments leads to rapid 
precipitation of the protein. By reducing the pro- 
tein concentration to 0-1 % and allowing it to react 
with 10-?m-triazine, the degree of cross-linking was 
restricted and the complex remained in solution. 
Since, however, the triazine itself polymerizes to 
give an insoluble product, the solution of the cross- 
linked protein was faintly opalescent and turbidity 
measurements could not be made. The polymer 
could not be separated by filtration since the cross- 
linked protein molecules were too large to pass 
through the fine pores, which indicates that they 
were of high molecular weight. 


Cross-linking of wool fibres 

The results obtained with twenty different com- 
pounds are given in Table 2. The corresponding 
treatments in buffer solution only, are given in 
Table 1. A surprising feature is the inability of the 
aliphatic nitrogen mustard (compound no. 2) and the 
sulphur mustard (compound no. 4) to cross-link 
wool fibres, although these compounds have been 
shown to cross-link other systems. The effect of the 
nitrogen mustard was examined under other condi- 
tions of pH and concentration besides those given in 
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Table 2, but no evidence for cross-linking was 
found in any of these experiments. The conditions of 
the test are unlikely to bring about rupture of the 
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Fig. 1. Molecular weight determinations by light scattering 
of dilutions of a 0-5% (w/v) solution of bovine serum 
albumin after treatment with radiomimetic compounds 
(1 x 10-?m). For details see text. 


new bond, which would then not be revealed, since 
cross-linking was well established by the methods 
used for the chemically closely related compounds 
nos. 3, 9 and 10. To eliminate altogether the possi- 
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found this method suitable for detecting cross- 
linkage formation and it has been used by us for 
examining fibres treated with all the compounds 
shown in Table 2. The results so obtained were in 
every case in accord with those given by the per- 
acetic acid and bisulphite tests, but are not re- 
corded since it was impossible to obtain satisfactory 
quantitative reproducibility and also because the 
rationale of the test is not yet understood. The 
difference in the reaction of the aliphatic nitrogen 
mustard (compound no. 2) with a soluble protein 
and wool cannot be explained. All the reactions 
with proteins involve a number of simultaneous and 
competitive reactions with the buffer solution, and 
profound differences between a homogeneous and 
a heterogeneous system are therefore not surprising. 

The aromatic nitrogen mustard (compound no. 3), 
although capable of cross-linking wool fibres, is not 
nearly as effective as epichlorhydrin (no. 6) and the 
bisepoxide (compound no. 7).. Epichlorhydrin 
derives its bifunctional character from its chlorine 
atom, which can react under mild conditions with 
amino groups. Alternatively, after epichlorhydrin 
has reacted via its epoxy group, elimination of 
hydrochloric acid may occur to form a new epoxy 
group and this could provide a second reaction 
centre. Although this reaction has been shown to 
take place under relatively mild conditions 
(Alexander et al. 1951), itis unlikely to occur at pH 7. 
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Molecular weight determination by light scattering of dilutions of a 2% (w/v) solution of bovine serum albumin 


after treatment with radiomimetic compounds (2 x 10-?m, except for (CH;)..N.CH,CH,Cl) which was 4 x 10-*m). 


For details see text. 


bility that the new cross-links are broken in sub- 
sequent treatments, the contraction of fibres in 
aqueous phenol was examined. For the compounds 
mentioned above, this test also failed to reveal the 
presence of new cross-links. Eléd & Zahn (1944) 


The polyethyleneimines readily cross-link wool 
and compound no. 9 is outstanding. These sub- 
stances were originally developed in Germany for 
cross-linking regenerated cellulose fibres, and in this 
application compounds nos. 9 and 10 found the 








Vol. 52 


widest use (Alexander & Whewell, 1947). All the 
bifunctional mesyloxy derivatives, with the ex- 
ception of compound no. 12, cross-link wool; 
compound no. 15 is more effective than compound 
no. 14, although both substances have similar 
chemical reactivities (Timmis, 1951). The failure of 
compound no. 12 to bring about cross-linking 
cannot be attributed to its low reactivity (Timmis, 
1951) since treatment for 7 days, which is sufficient 
for complete hydrolysis of the compound, did not 
result in cross-linking. 


Table 1. Contraction and solubility of wool fibres 
after treatment with buffer solution for 3 days at 40° 


Contraction after 





reaction with Percentage 
_____ of oxidized 
Peracetic fibre 
Buffer Bisulphite acid insoluble in 
(pH) (% (%) | ammonia 

Distilled water 27-9 19-0 12 
pH 2 32-6 13-4 12 
pH 4 30-4 12-8 13 
pH7 30-0 12-5 26 
pH9 24-8 11-6 40 
NaHCO, (pH 8-2) 32-4 10-5 15 


Changes of pH seem to affect the cross-linking 
reaction of all the different types of compounds in 
the same way (compare compounds nos. 3, 7, 9 and 
13). No cross-linking occurs in treatments at or 
below pH 4, and the reaction appears to have an 
optimum at pH 7. Solutions more alkaline than 
pH 9 could not be used since these brought about 
the formation of ianthionine cross-links. 

Chemical considerations suggest that the amino- 
and carboxyl-groups in wool are most likely to 
react with the radiomimetic compounds. In an 
attempt to determine which of these are involved, 
a selected number of the compounds was examined 
with wool samples in which the carboxyl and amino 
groups were blocked by esterification and acetyla- 
tion, respectively. Table 3 shows that with the 
exception of the very effective 2:4:6-tris-(ethyl- 
eneimino)-s-triazine (compound no. 9), none of the 
compounds cross-linked acetylated wool, but in 
nearly all cases their effectiveness was not impaired 
by esterification. Only the mesyloxy compound did 
not react with esterified fibres. 

Abderhalden & Stix (1923) and Sanger (1945) 
demonstrated that 1-halogeno-2:4-dinitrobenzenes 
react with many of the reactive groups in proteins. 
Recently, Zahn (1951) showed that 1:5-difluoro- 
2:4-dinitrobenzene brought about a measure of 
cross-linking in wool. This observation has been 
confirmed and the corresponding dichloro and 
dibromo compounds (compounds nos. 18-20) were 
found to act similarly. 1-Fluoro-2:4-dinitrobenzene 
(compound no. 17) can bring about similar changes 
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(i.e. diminished contraction and solubility after 
disulphide bond breakdown), though to a lesser 
extent than the bifunctional compounds, and is the 
only unifunctional compound to do so. 


DISCUSSION 


All the bifunctional radiomimetic compounds 
examined can cross-link proteins, though not 
necessarily in the same system. The results do not, 
however, lend support to the cross-linking hypo- 
thesis of radiomimetic activity (Goldacre et al. 
1949), since the cross-linking tests used are unable 
to differentiate between biologically active and 
inactive multifunctional compounds. Thus, al- 
though the trisethyleneimino compound (no. 9) is 
both the most highly biologically active compound 
and one of the best cross-linking agents, the di- 
halogenodinitrobenzene derivatives and epichlor- 
hydrin have no radiomimetie activity in the intact 
animal (Haddow, private communication), but are 
powerful cross-linking agents for wool and serum 
albumin. The lack of correlation between ability to 
cross-link and biological activity is best shown in 
the series of bifunctional mesyloxy compounds 
(nos. 11-16). Timmis (1951) found that the butane- 
diol derivative (no. 14) has the highest biological 
activity and that this falls with decreasing chain 
length; introduction of an acetylenic bond (in 
compound no. 15) or substitution as in compound 
no. 16 removes all biological activity without 
altering significantly the chemical reactivity, but 
these two substances are among the most effective 
cross-linking agents examined. The ability of 
compound no. 15 to effect such powerful cross- 
linking may perhaps be ascribed to the linear 
structure of the molecule imposed by the triple 
bond, which prevents intramolecular reaction. This 
type of reaction is known to occur with the saturated 
compounds of this series (e.g. no. 14), and may in- 
volve ringing round on an amino group (Timmis, 
1951), or reaction with adjacent groups on the same 
macromolecule (cf. Alexander, 1952). The failure of 
the ethylene glycol ester (compound no. 12) to cross- 
link wool is difficult to explain as in this case, also, 
steric factors would favour inter- rather than intra- 
molecular reaction. 

The only unifunctional compound (no. 17) which 
brings about changes comparable to cross-linking 
is one containing a 2:4-dinitrobenzene group in 
addition to an alkylating group. The apparent cross- 
linking action probably results from the strong 
secondary forces by which dinitrobenzene nuclei are 
held to one another, or to groupings already present 
in the wool fibre. A comparable effect occurs when 
wool is reduced followed by alkylation of the 
sulphydryl groups (Patterson, Geiger, Mizell & 
Harris, 1940). The strength of the wool fibre after 
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Table 2. Cross-linking of wool fibres by radiomimetic and related compounds 


Nitrogen and sulphur mustards 
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Table 2 (cont.) 
Contraction after 
reaction with Percentage 
—_——"\ of oxidized 
Peracetic fibre 
Reagent Bisulphite acid insoluble in 
no. pH of solution (%) (%) ammonia 
Halogeno-2:4-dinitrobenzenes* 
F 
NO, 
17 8-2 (NaHCO,) 17-8 14-0 48-5 
NO, 
F 
NO, 
18 8-2 (NaHCO,) 56 9-0 80-5 
F 
NO, 
Cl 
NO, 
19 8-2 (NaHCO;) 12-8 11-3 73-0 
Cl 
NO, 
Br 
NO, 
20 8-2 (NaHCO,) 3-0 11-4 68-6 
Br 
NO, 


* Applied from 75% ethanol. 


treatment is much less when a short-chain uni- 
functional alkylating agent such as methyl bromide 
is used, than when long-chain groups (e.g. heptyl), 
capable of interaction by secondary forces with 


Table 3. Cross-linking of modified wool fibres 
by radiomimetic compounds 


Contraction after reaction 
with bisulphite 


Reagent Acetylated Esterified 
(numbered as in fibres fibres 
Table 2) (%) (%) 
None 28-2 25-0 
No. 7 31-2 9-2 
No. 6 28-5 1-7 
No. 9 6-4 5-5 
No. 13 27:3 26°5 


other groups, are introduced. It is interesting in this 
connexion that N-2:4-dinitrophenyl-ethyleneimine 
is one of the few unifunctional compounds which has 
a biological activity comparable to that of multi- 
functional compounds (Hendry e¢ al. 1951), and it 
may be that one of the chemically reactive groups in 





radiomimetic compounds can be replaced by a 
group capable of powerful interaction by secondary 
forces. 

The results with chemically modified wool fibres 
(see Table 3) show that the amino groups, but not 
the carboxyl groups, play an important part in the 
cross-linking reaction and the cross-links may be 
formed between pairs of amino groups. Chemical 
considerations suggest that all radiomimetic com- 
pounds react by a carbonium ion mechanism and 
that they can react only with amino groups which 
are unionized and carboxyl groups which are dis- 
sociated (Ross, 1949). This is the case in model 
systems such as polymethacrylic acid and the 
polymer of ethyleneimine (Alexander, unpublished 
observations); in these, cross-linking occurs only 
with the ionized form of the former and the un- 
dissociated form of the latter polymer. 

The optimum pH range found for cross-linking 
wool (7-8) would suggest reaction with carboxyl 
rather than with amino groups, since the majority of 
the latter are in the ionized and therefore unreactive 
state. The contrary result obtained would indicate 
that the chemical reactivity of these groups may not 
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be correctly represented as —NH} and —COO™ and 
that in fact they behave in chemical reaction as 
—NH, and —COOH groups near the isoelectric 
point, where they neutralize one another. This 
suggestion is supported by the observation (Ruther- 
ford, Patterson & Harris, 1940) that isoelectric 
proteins can be esterified with diazomethane, which 
in simple systems only reacts with unionized 
carboxyl groups. 
SUMMARY 


1. To examine the hypothesis that the radio- 
mimetic alkylating agents function by a cross- 
linking mechanism, the action of a representative 
group of these compounds has been studied with 
serum albumin in solution and with wool. 

2. It was shown from molecular weight deter- 
minations using light scattering that the serum 
albumin is cross-linked in a 2% (w/v) solution by 
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3. Examination of the physical properties of 
wool fibres after reaction with twenty radiomimetic 
and related compounds showed that cross-linking 
can be brought about by most of these sub- 
stances. 

4. There appears to be no correlation between 
the biological activity of a compound and its 
effectiveness as cross-linking agent in the systems 
examined. 

5. Experiments with acetylated and esterified 
wool fibres indicate that the cross-links involve a 
reaction with amino groups. 
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The Effect of Fluoride on the Succinic Oxidase System 
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Although it has been known since the work of 
Battelli & Stern (1910) that the intracellular 
oxidation of succinate is inhibited by fluoride, the 
mechanism of this inhibition is little understood. 
The intracellular oxidation of succinate by oxygen 
is catalysed by a complex of enzymes, the succinic 
oxidase system. Our present knowledge of this 
system is summarized by the reaction scheme 
succinate > succinic dehydrogenase - cytochrome 
b> intermediary factor > cytochrome c — cyto- 
chrome a — cytochrome a, > O,, where the arrows 
describe the pathway taken by two hydrogen atoms 
of succinate (or the electrons derived therefrom). 

Potter & Schneider (1942) refer to unpublished 
work of O’Kane, who found that fluoride inhibits 
succinic dehydrogenase competitively with respect 
to succinate. This suggests that the locus of the 
fluoride action is the reaction between succinate and 
its dehydrogenase. Dufait & Massart (1939) and 
Borei (i945), on the other hand, found that the 
complete succinic oxidase system was more sus- 
ceptible to fluoride than the dehydrogenase com- 
ponent. This seemed to indicate that some other 
component of the system, as well as the dehydro- 
genase, was attacked by fluoride. From other 
experiments, Borei concluded that cytochrome c¢ 
was this component, but Slater (19494, b) considered 
this unlikely and suggested that the intermediary 
factor, acting between cytochrome b and cytochrome 
c, might be the sensitive component. Subsequent 
experiments (Slater, 1950a) showed, however, that 
the dihydrocozymase oxidase system, which in- 
cludes both cytochrome ¢ and the same intermediary 
factor, was not affected by fluoride (see also Potter, 
1939). It follows, therefore, that neither cyto- 
chrome ¢ nor the intermediary factor can be the 
point of attack of fluoride on the succinic oxidase 
system. 

Further studies are clearly necessary to resolve 
these discrepancies. Bonner’s (1951) recent finding 
that phosphate is required for the inhibitory action 
of fluoride made this particularly desirable, since it 
indicates a reaction between phosphate and some 
component of the enzyme system. It is now estab- 
lished that phosphate is esterified during the aerobic 
oxidation of succinate by mitochondrial prepara- 
tions (e.g. Cross, Taggart, Covo & Green, 1949), 
although phosphate is not necessary for the oxida- 


tion itself (Keilin & Hartree, 1949; Bonner, 1951, 
1952). It seems possible that the reaction between 
the enzyme system and phosphate which is neces- 
sary for the inhibition by fluoride might be related 
to some reaction between phosphate and a com- 
ponent of the enzyme system, which must occur if 
the oxidation of succinate is accompanied by esteri- 
fication of phosphate. The fact that high concentra- 
tions of fluoride are customarily employed in studies 
of oxidative phosphorylation was an additional 
reason for studying its mode of action. 

A preliminary account of this work has already 
appeared (Slater & Bonner, 1951). 


METHODS 


Keilin-Hartree heart-muscle preparation was the prepara- 
tion containing very little inorganic phosphate, made as 
described by Bonner (1952). Concentrations of heart- 
muscle preparation are expressed as mg. fat-free dry wt./ml: 

Enzyme activities were all measured at pH 7-2-7-4. 

/ Succinic oxidase system. Two methods were employed. 

(i) Manometric method. After temperature equilibration, 
the reaction was commenced by addition of succinate from 
a dangling tube and the O, uptake was followed. Except 
where otherwise stated, cytochrome c was not added. The 
total fluid volume was 3-3 ml. 

(ii) Spectrophotometric method. This depends upon 
measurement of the rate of formation of fumarate by 
determining the rate of increase of optical density at 230 mp. 
This procedure has been used by Chance (1952) for the 
succinic oxidase system and by Racker (1950) for measuring 
fumarase activity. The method is only valid for the succinic 
oxidase system if the preparation is essentially free of 
fumarase. This was found to be the case with the Keilin & 
Hartree preparation, but not with the phosphorylating 
preparation used by Slater (19505). A 1 em. silica cell con- 
tained succinate and any other additions in a total volume of 
2-8 ml. The reference cell contained no succinate. At zero 
time, 0-2 ml. of heart-muscle preparation, suitably diluted 
(usually 50-fold), was added to each cell and the optical 
density followed (in a Hilger ‘ Uvispek’ spectrophotometer) 
as a function of time. The temperature of the solution was 
measured. The activity was expressed as increase of optical 
density at 230 my./min., corrected to 20°, applying the 
temperature coefficient found by Slater (1950). 

. Succinic dehydrogenase. Two methods were employed. 

(i) Manometric method. This was as previously described 
(Slater, 1949), with the exception that the dangling tube 
contained the diluted heart-muscle preparation, not the 
succinate. This was to prevent inactivation, during temper- 
ature equilibration, of the succinic dehydrogenase by the 
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cyanide (0-01 Mm), which Tsou (1951) has found occurs only in 
the absence of succinate. This method measures the rate of 
reduction of methylene blue by succinate, which may be a 
function not only of the succinic dehydrogenase concentra- 
tion, but also of the cytochrome b (Slater, 1949f; Tsou, 
1951). 

(ii) Spectrophotometric method. The rate of reduction of 
K,Fe(CN), (0-001m) was measured in the presence of 
sufficient KCN (0-01) to inhibit cytochrome oxidase, by 
following the rate of decrease of optical density at 400 mp. 
A lem. cell contained the succinate, cyanide and ferri- 
cyanide in a total volume of 2-8 ml. The reference cell con- 
tained water only. At zero time, 0-2 ml. of heart-muscle 
preparation, suitably diluted (usually tenfold), was added to 
both cells and the optical density at 400 my. followed as a 
function of time. The rate of change of optical density 
decreased somewhat during the measurement. The average 
rate between | and 5 min. after addition of the enzyme was 
used for calculation of the activities. The temperature of the 
solution was measured and the rate corrected to 20°, 
assuming the same temperature coefficient as found for the 
complete succinic oxidase system by Slater (1950a). It may 
not be valid to use the same temperature correction, but the 
range of temperature in the one experiment was small, so 
that any error caused by uncertainty in the correction will 
be negligible. It is not known what components of the 
succinic oxidase system are involved in the reduction of 
K,Fe(CN), (cf. Slater, 19496), but it is probable that 
succinic dehydrogenase is the most important. 





Reagents 


Sodium succinate. This was standardized manometrically. 

Phosphate buffer, pH 7-24. In order to ensure that this 
contained no pyrophosphate, which is a strong competitive 
inhibitor of succinic dehydrogenase (Leloir & Dixon, 1937; 
Tsou, 1951), the buffer was prepared in the following manner. 
Orthophosphoric acid (49 g.) was dissolved in approximately 
500 ml. water. The solution was boiled for several hours, 
then diluted to about 900 ml., brought to pH 7-24 (glass 
electrode) with concentrated NaOH and diluted to 1000 ml. 
The phosphate concentration, measured by the molyb- 
denum blue method, was 0-447M. 


EXPERIMENTS 
Mechanism of the action of fluoride 


The action of fluoride, in the presence of phosphate, on that 
portion of the succinic oxidase system responsible for the 
reduction of potassium ferricyanide, is shown in Fig. 1. 
It is clear that the inhibition by fluoride is a rapid reaction. 
The same degree of inhibition was found irrespective of 
whether fluoride was added to the enzyme 10 min. after or 
before the succinate. This is in disagreement with Borei 
(1945), who found that prior treatment of the enzyme pre- 
paration with succinate gave protection against fluoride. 
Also in contrast with Borei (1945), it was found that the 
inhibition was completely reversed by dialysis against 
phosphate buffer. The reversibility of the inhibition is 
shown also by the experiment described in Fig. 2. Concen- 
trated heart-muscle preparation (1 ml.) was treated with 
1-Om-NaF (0-1 ml.) and 0-15m-phosphate, pH 7-3 (0-9 ml.), 
for 1 hr. at 22°. The concentration of fluoride during the 
treatment was 0-05m and that of phosphate, 0-067m. The 
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activity of the complete succinic oxidase system was 
measured after dilution of this mixture 187-fold; the final 
fluoride concentration was then 2-7 x 10-4m. A control was 
treated in the same way, without fluoride, except for the 
addition of 2-7 x 10-* in the test for enzyme activity. The 
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Fig. 1. Inhibition by fluoride of succinic dehydrogenase, 
measured spectrophotometrically at 20°. Phosphate, 
0-14M; succinate, 0-026m; K,Fe(CN),, 0-001m; KCN, 
0-01m; heart-muscle preparation, 0-25 mg./ml. 
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Fig. 2. Reversibility of fluoride inhibition of succinic 
oxidase system. See text for treatment of ‘control’ and 
‘fluoride-treated’. Activity of succinic oxidase system 
measured spectrophotometrically at 21-3°; phosphate, 
0-12m; succinate, 0-027mM; heart-muscle preparation, 
0-062 mg./ml. 


succinic oxidase activities of the two preparations are 
shown in Fig. 2. It can be seen that, after an initial lag, the 
fluoride-treated preparation has nearly the same activity as 
the control. Thus, even prolonged treatment with 0-05M- 
fluoride, which is sufficient to inhibit completely the enzyme 
(see below), has practically no irreversible effect. 
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The effect of phosphate on the degree of inhibition by 
fluoride is shown in Table 1. As already found by Bonner 
(1951), phosphate is necessary for any appreciable inhibition 
by fluoride; with increasing phosphate, the inhibition by 
fluoride is increased. 

Arsenate can replace phosphate, but is less effective 
(Table 2). 
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creasing succinate concentration, becoming zero at infinite 
succinate concentration. 

Table 1 shows that, in the absence of fluoride, phosphate is 
itself somewhat inhibitory (cf. Keilin & Hartree, 1949; 
Slater 1949c). This inhibition has been further studied in 
Fig. 4. Unlike the experiments summarized in Tables 1 and 
3, the complete succinic oxidase system was not studied in 


Table 1. Effect of phosphate on the degree of inhibition of the succinic oxidase system by fluoride 


(Activity of succinic oxidase system measured manometrically at 25°. 


All flasks contained succinate, 0-021m; borax- 


boric acid buffer, pH 7-3, 0-1; histidine, pH 7-3, 8-1 x 10-*m; heart-muscle preparation, 0-36 mg./ml.; NaF (0-01m) and 


phosphate where shown.) 


V =v, {1 + 0-023(1 + p/0-1)} (see text, p. 191). 


Succinic oxidase system 
(ul. O,/hr.) 


re 


ne Ai 
No NaF 


[Phosphate] + NaF 
(m) (Up) (v) 
0 349 315 
0-03 319 198 
0-06 274 108 
0-10 252 92-5 
. 0-15 235 57 
0-20 209 46 


Inhibition 
by NaF 

% V Viv 

9-6 357 1-13 
38-0 327 1-65 
60-6 284 2-62 
63-2 264 2-86 
76 248 4-35 
78 224 4-89 


Table 2. Comparison of effect of phosphate and arsenate on the inhibition 
of the succinic oxidase system by fluoride 


(Activity of succinic oxidase system measured spectrophotometrically at 20-22°. 


Succinate, 0-027M; heart-muscle 


preparation, 0-031 mg./ml. Activity expressed as increase of optical density at 230 my./min.) 


Inhibition 
[Phosphate] [Arsenate] [NaF] Succinic oxidase by NaF 
(m) (™) (™) system (%) 
0-12 0 0 0-0178) 72 
0-12 0 0-0097 0-0050 } 
0 0-12 0 0-0190 | “ 
0 0-12 0-0097 0-0132 } se 


Table 3. Effect of different concentrations of fluoride on the degree of inhibition of the succinic oxidase system 


(Activity of succinic oxidase system measured manometrically at 25°. All flasks contained succinate, 0-021m; borax- 
boric acid buffer, pH 7-3, 0-1m; histidine, pH 7-3, 8-1 x 10-*m; heart-muscle preparation, 0-36 mg./ml. Phosphate (0-1) 


and fluoride where shown.) 


V =v,{1 + 0-023(1 +f/0-02)} (see p. 192), 
v’ =331 v/226 (see p. 192). 


Succinic oxidase system 
(ul. O,/hr.) 


ae ee 
[Fluoride] No phosphate +phosphate Inhibition 
phosp phosp 
(a) (v4) (v) (%) V v Viv’ 
0 331 226 31-9 340 331 1-02 
0-002 296 185 37-5 302 271 1-11 
0-005 293 114 61-1 300 167 1-80 
0-008 276 s+ 69-6 294 123 2-30 
0-012 326 72 77-9 338 105 3-22 
0-015 277 49 82-3 288 72 4-01 


The effect of various concentrations of fluoride, at a fixed 
concentration of phosphate (0-1), is shown in Table 3. 

In Fig. 3 the effect of fluoride on the enzyme system in a 
phosphate medium at different substrate concentrations is 
shown, plotted according to the method of Lineweaver & 
Burk (1934). The results clearly show that the inhibition is 
competitive, i.e. the degree of inhibition decreases with in- 





this experiment, but only that portion of it responsible for 
the reduction of potassium ferricyanide, which is probably 
mainly succinic dehydrogenase. The reason for-this change 
was that it seemed likely from previous work (see Slater, 
1949 c, Fig. 2) that phosphate had a much stronger action on 
the complete system than on the dehydrogenase, whereas it 
was clear from the fact that fluoride was a competitive 
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inhibitor that it acted exclusively on succinic dehydrogenase 
(see below). Fig. 4 shows that phosphate is a competitive 
inhibitor of succinic dehydrogenase. 





Fig. 3. Competitive nature of fluoride inhibition of succinic 
oxidase system. Activity measured spectrophotometric- 
ally at 19-1-21-2° and calculated to 20°; phosphate, 
0-12 M; heart-muscle preparation, 0-06 mg./ml. c=molar 
concentration of succinate, v=increase/min. of optical 
density at 230 mp. 


In the absence of phosphate, fluoride is a weak com- 
petitive inhibitor of succinic dehydrogenase. 

Phosphate and fluoride are not the only inorganic anions 
which inhibit succinic dehydrogenase. Chloride and nitrate 
are considerably more inhibitory than phosphate, but this 
inhibition is largely non-competitive; the degree of inhibi- 
tion is less at high than at low substrate concentrations, but 
is still high at infinite substrate concentrations. 

The addition of magnesium had no effect on the inhibition 
by fluoride and phosphate (Table 4). In this respect, the 
inhibition of succinic dehydrogenase by fluoride differs from 


that of enolase, which inhibition also requires phosphate 
(Warburg & Christian, 1942). Manganese also had no 
effect. 
Component of succinic oxidase system 
affected by fluoride 


Added cytochrome ¢ did not affect the degree of inhibition 
by fluoride (Table 5), showing that it is not the susceptible 
component of the system. This experiment does not agree 
with a similar one by Borei (1945). 





0 1000 2000 3000 
A/c 


Fig. 4. Competitive inhibition of succinic dehydrogenase 
by phosphate. Activity measured spectrophotometrically 
at 24-2-25-2° and corrected to 20°; histidine, pH 7-3, 
8-1x10-*m; heart-muscle preparation, 0-16 mg./ml. 
pH of all reagents adjusted to pH 7-3 (glass electrode). 
c=molar concentration of succinate, v=increase of 
optical density at 400 my./min. 


Borei’s finding that the succinic dehydrogenase activity, 
as customarily measured, is considerably less sensitive to 
fluoride than the succinic oxidase system is confirmed by the 
experiment summarized in Table 6, in which the effect of a 
wide range of methylene blue concentrations (resulting in a 
2-5 range of rate of O, uptake) is shown. It is seen that with 
increasing activity of the system in the absence of fluoride, 
the percentage inhibition by fluoride increases, but even at 
the highest concentration of methylene blue used, when the 


Table 4. Effect of magnesium and manganese on the inhibition by fluoride of the succinic oxidase system 


(Activity of succinic oxidase system measured manometrically at 38° (Exp. 1) or 25° (Exp. 2). Phosphate, 0-13; 
succinate, 0-024; heart-muscle preparation, 0-26 mg./ml. (Exp. 1) or 0-36 mg./ml. (Exp. 2).) 


Succinic oxidase Inhibition 
[Mg] [Mn] [NaF] system by NaF 
() (a1) (a1) (ul. O,/hr.) %) 

Exp. 1 
0 0 0 | — 
0 0 0-01 200 ate 
0-001 0 0 480) ae 
0-001 0 0-01 200} : 

Exp. 2 
0 0 0 224) ' 
0 0 0-01 58} - i 
0 0-001 0 235 | 76 
0 0-001 0-01 56 
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Table 5. Effect of cytochrome c on the degree of 
inhibition of the succinic oxidase system by fluoride 


(Activity of succinic oxidase system measured mano- 
metrically at 38°. Phosphate, 0-13M; succinate, 0-024M; 
heart-muscle preparation, 0-28 mg./ml.) 


Succinic 
oxidase Inhibition 
[Cyt. c] [NaF] system by NaF 
(a x 105) (t) (ul. O,/hr.) (%) 
0 0 371) 
0 0-01 110} 70-4 
6 0 430 ‘ 
6 0-01 124 ms 


0, uptake of the control approached that found in the 
measurement of the activity of the complete succinic 
oxidase system, the percentage inhibition was far below 
that found with the complete system. 

The direct comparison of O, uptakes in the measurements 
of the succinic dehydrogenase and the complete succinic 
oxidase systems is, however, not valid; the former should be 
halved. This is because the final reaction with oxygen in the 
succinic dehydrogenase measurement is with leuco-methy- 
lene blue and the product of this oxidation is H,O,, thus 


succinate + meth. blue — fumarate +leuco-meth. blue 
leuco-meth. blue +O, —> meth. blue + H,O, 


i.e. succinate + O, > fumarate + H,O, 


The formation of H,0, in this reaction was demonstrated by 
the addition of a large amount of pure catalase, which halved 
the O, uptake (Fig. 5). Heart-muscle preparation contains 
a little catalase, but this would be only very slightly active 
in the presence of 0-009M-cyanide, which is used in the 
estimation of succinic dehydrogenase. The amount of 
catalase added in the experiment shown in Fig. 5 was such 
that considerable aciivity remained even in the presence of 
this concentration of cyanide. In the measurement of the 
succinic oxidase system, O, reacts with cytochrome oxidase 
and is reduced to water, not H,O,. The overall reaction is, 
therefore, 
succinate + 40, > fumarate + H,O. 


Thus the succinate equivalent of the O, consumed in the 
dehydrogenase test is only half that of the same amount of 
0, in the measurement of the succinic oxidase system. 
Even at the highest level of methylene blue used in 
Table 6, the succinic dehydrogenase activity in the absence 
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of fluoride is, then, much less than the activity of the 
succinic oxidase system. Thus, the succinic dehydrogenase 
is working at far less than its full capacity in the dehydro- 
genase test, which seemed a possibie explanation of why it 
was less susceptible to fluoride. This possibility is confirmed 
mathematically in the next section. The experimental data 
are found, in fact, to fit very closely the equation derived on 
the assumption that the reaction between succinic dehydro- 
genase and its substrate is the only point of attack of 
fluoride. 


O, uptake (ul.) 
s 


3 


20 
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Time (min.) 


Fig. 5. Effect of catalase on O, uptake in manometric 
estimation of succinic dehydrogenase. Phosphate, 
0-13M; succinate, 0-026M; methylene blue, 9-2 x 10-*m; 
KCN, 9-2 x 10-*m; heart-muscle preparation, 0-21 mg./ 
ml.; catalase, 0-6 mg./ml. 


Thus the relative insensitivity of the dehydrogenase 
compared with the succinic oxidase system is only apparent 
and not real, and is due to the unsatisfactory nature of the 
measurement of dehydrogenase activity. 

Malonate, the well known competitive inhibitor of succinic 
dehydrogenase, had previously been found by Slater (1949 e) 
to inhibit the O, uptake in the measurement of the succinic 
oxidase system more than in the dehydrogenase measure- 
ment. Undoubtedly, the explanation is the same as that 
given for fluoride. 

The fact that succinic dehydrogenase is working far below 
its full capacity when it reacts with methylene blue causes 
difficulty only when a reversible competitive inhibitor of the 


Table 6. Inhibition of succinic dehydrogenase and of the complete succinic oxidase system by fluoride 


(Both activities measured manometrically at 38°. Phosphate, 0-13M; succinate, 0-024M; fluoride, 0-0091m; heart- 


muscle preparation, 0-21 mg./ml.) 
V =v,(1+95 K,,) (see p. 192), 


K,, =48 x 10-4 with succinic oxidase system, 3-6 x 10-7 v, with succinic dehydrogenase (see p. 192). 


Activity (ul. O,/hr.) 


[Methylene =————~ 

blue] No NaF 
Activity (m x 104) (vy) 
Suecinic dehydrogenase 15 208 
3-0 267 
9-1 361 
30 453 
Succinic oxidase system 663 





Inhibition 
+NaF by NaF 
(v) (%) V Viv 
159 23-6 209 1-31 
193 27-7 269 1-39 
241 33-2 365 1-51 
291 36-0 460 1-58 
268 59-6 690 2-58 
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dehydrogenase is being studied. The degree of inhibition by 
compounds which act by irreversibly removing a fraction of 
the enzyme, e.g. sulphydryl-combining reagents (Slater, 
1949 d) will be independent of the activity. 


Effect of fluoride on the succinic oxidase system 
in a phosphorylating preparation 


The experiments described above were all carried out with 
the Keilin & Hartree heart-muscle preparation, which, 
although it oxidizes succinate very rapidly, is unable to 
couple this oxidation with the synthesis of adenosinetri- 
phosphate (ATP). It was of interest to see if fluoride had the 
same effect on a phosphorylating as on a non-phosphory- 
lating preparation, since the former must contain enzyme 
systems linked with the phosphorylating reaction absent 
from the latter preparation, and it appeared possible that 
these additional systems might provide an oxidative path- 
way not susceptible to fluoride. The experiment summarized 
in Table 7 shows, however, that the succinic oxidase system 


ke 
E+F=— EF, (4) 
k, 
kg ky 
EP+F == EPF =—— EF +P. (5) 
ky kyo 


ky, ky, ..., ky, are true rate constants, with the exception of 
k;; kis nota true rate constant, but includes concentrations 
of reactants of the individual hydrogen-transferring re- 
actions, whose sum is reaction 2. The back reaction of 
Eqn. (2) has been ignored, since initial rates of reaction 
when the fumarate concentration is low have been used 
throughout this study. Fig. 5, for example, shows no 
decrease of the rate of reaction due to fumarate production 
in the first 15 min. 

Accepting this mechanism, it is possible to calculate from 
the experimental data the inhibition constants Kp =k,/k,; 
Kyp=k,|k, ; Kpp=ky/kg and Kpp =ky,/ky). The velocity (v) of 


Table 7. Inhibition of succinic oxidase system by fluoride in both phosphorylating 
and non-phosphorylating systems 


(1-82 mg. pig-heart mitochondria (M); 1-91 mg. horse-heart Keilin-Hartree (K-H) preparation. Phosphate, 0-0348 ¥; 
succinate, 0-0267mM; cytochrome c, 5-8 x 10-5 in all flasks. Those provided with ‘adenylic system etc.’ contained, in 
addition, adenylic acid, 1-6 x 10-°m; ADP, 0-63 x 10-*m; ATP, 0-29 x 10-*m; glucose, 0-083m; MgCl,, 0-047m and hexo- 
kinase. Dinitrophenol (DNP), 5 x 10-*m, and NaF, 0-04m where stated. Total volume, 3 ml. Time of exp. 30 min. Tem- 
perature, 25° with M; 38° with K-H preparation. AHMP (hexosemonophosphate) measured as described by Slater (1950), 


1951).) 
Adenylic 
system, 
Preparation etc. DNP NaF 
M - is is 
M - = 4. 
M + - - 
M + - + 
M + + = 
M + + 
K-H - ts a 
K-H - - + 


in a phosphorylating mitochondrial preparation was in- 
hibited to the same extent as that in the non-phosphory- 
lating Keilin & Hartree preparation. Similarly, inhibition of 
the phosphorylation by the addition of dinitrophenol to or 
the omission of the adenylic system from, the mitochondrial 
preparation did not appreciably affect the degree of inhibi- 
tion by fluoride. 


CALCULATIONS 
Inhibition constants 


Fluoride (F), phosphate (P), but especially the two together, 
compete with succinate (S) for succinic dehydogenase (E). 
Thus we have 


ky 
E+S=—— ES, (1) 
Ig 
K, 
ES —> products + E, (2) 
kg 
E+P=—— EP, (3) 


ks 


Inhibition 
of O, uptake 
O, uptake AHMP by NaF 
(ug. atoms) (umoles) P/O (%) 
9-51 ; : 9 
3-58 os = 
9-91 * 105 1-03} 59 
4:07 4-54 1-11) 
9-56 0-04 0 je 
4-44 0 0 - 
24-0 é jut 
10-0 ; 3 = 


the oxidation of succinate to fumarate is given by the 
expression (see Appendix, p. 195) 
v=V/{1+(Km/s) (fp/KpKer+p/Ketf/Kp+1)}, (10) 

where s, f and p are concentrations of succinate, fluoride and 
phosphate, K,, = (ky +;)/k, is the Michaelis constant in the 
absence of inhibitors and V is the velocity at infinite 
succinate concentration. 

The Michaelis constant in the presence of inhibitor (K;,) 
equals K,,(fp/KpKpy + p/Kp+f/Ky +1). 

Kp can be calculated from the data of Fig. 4. The straight 
line intercepts the z-axis at a distance equal to — 1/K/, from 
the origin. In this way, the following values were found 


(f=9) 


p K’, x 10# 

0 2-3 

0-208 7-25 
i.e. 2-3 x 10-*=K, 


7-25 x 10-4= K.,(1 +0-208/K). 
By difference, : 
4-95 x 10-4 =0-208 K,,/Kp =0-208 x 2-3 x 10-*/ Kp, 
i.e. Kp=0-1. 
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In a similar way, Ky was found to be 0-02. 

In the experiments used for the following calculations, the 
complete succinic oxidase system was studied, not just that 
portion responsible for the reduction of ferricyanide. The 
K,,, for the complete system, which is considerably different 
from the value given above (see p. 194), can be calculated 
from the data of Fig. 3. In the absence of fluoride, 

Ki, =Km+pKm/Kp- 
Substituting the value of K/, found (1-11 x10-%), of 
p (0-123) and Kp found above, K,, =4-8 x 10-4. 

Kpy can be calculated if K,,/KpKpy is known. This 
expression can be determined from the effect of different 
concentration of fluoride on the Michaelis constant (Fig. 3). 
This experiment was carried out with the same preparation 
as was used to determine K,,. 

Fig. 3 yields the following values of K/, 


p f K’, x 108 
0-123 0 L-1l 
0-123 0-67 x 10-8 7-40 
ive. 1-11 x 10-*=K,,(1 +0-123/Kp) 


7-40 x 10-3 = K,,(1 + 0-123/Kp + 0-67 x 10-3/K, 
+8-25 x 10-5/Kp Kpy). 
By difference, 

6-29 x 10-° = K,, (0-67 x 10-3/K, + 8-25 x 10-5/Kp Kpp), 

i.e. 
6-29 x 10-* =0-67 x 10-* K,,/Ky + 8-25 x 10-5 K,,/Kp Kpp 
=0-02 x 10-3 + 8-25 x 10-5 K,,/KpKpr, 
and K,,|Kp Kpy =76. 
Substituting the values of K,, and Kp found above, 
Kpp=6-7 x 10-5. 
Since Kp Kpp = Ky Kpp (Eqn. (14), Appendix), 
Ky = Kp Kpy|Ky =3-3 x 10. 

The value of the expression K,,,/Kp Kp, can also be calcu- 
lated from the data of Tables 1 and 3. The values obtained 
have not been used in the above calculations for two reasons. 
In the first place, the experiments summarized in Tables 1 
and 3 were carried out with a preparation different from 
that used above. Secondly, there are side reactions which 
complicate the calculations and require certain assump- 
tions, the validity of which is uncertain. Nevertheless, these 
assumptions do not invalidate the comparison of the data of 
Table 1 with that of Table 3, both of which were obtained 
with the same enzyme preparation, and the calculations 
provide certain information not available from the other 
experiments. 

Equation (11) (see Appendix) gives the relation between 
V, the velocity at infinite succinate concentration and v, the 
observed velocity. 

Vju=1+(K,,/8) (l+p/Ke+f/Ke+fp/KpKpy). (11) 
In the absence of fluoride, the velocity, v,, is given by the 
expression 
V/v,=1+(Ky/s) (1+p/Kp). (11a) 
Substituting the values for K,, and Kp, found above, and 
the concentration of succinate in Table 1, 


V jv, =1 +0-023(1 +p/0-1). (118) 


When p=0 and 0-2 respectively, V/v, =1-023 and 1-069, i.e. 
the ratio of the activities of succinic dehydrogenase when the 
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phosphate concentration is zero and 0-2M respectively is 
1-023/1-069 =0-96. Actually, the second column of Table 1 
shows that this ratio is 209/349 =0-60. It is clear, then, that 
phosphate has an effect on the complete succinic oxidase 
system additional to that on succinic dehydrogenase and 
this must be taken into account when using the figures of 
Table 1 to calculate the effect of phosphate on the degree of 
inhibition by fluoride. It should be noted that yet another 


Viv 


0 01 02 
P 
Fig. 6. Data of Table 1 graphed. 
p=phosphate concentration (M). 


effect of phosphate on the succinic oxidase system, namely 
a stimulation of the succinic oxidase system (Keilin & 
Hartree, 1949), is eliminated in these experiments by the 
addition of histidine. Bonner (1951) has found that histidine 
replaces phosphate in this respect, so that in its presence 
phosphate has no stimulatory effect. 

Equation (11) may be rewritten 


Vjv=1+(Ky/s) (1+f/Kg) + P(Km/8)(1/Kp +f/Kp Kp). 


Thus, if V/v is plotted against p, a straight line should be 
obtained with intercept on the y-axis equal to 
1+(K,,/s) (1 +f/ Ke) 

and slope (K,,/s) (1/Kp +f/KpKpry) (cf. Burton, 1951). The 
data of Table 1 have been treated in this way in Fig. 6. 
V, the velocity at infinite concentration of succinate, has 
been calculated separately for each concentration of phos- 
phate from the values of v, in the second column of Table 1 
by Eqn. (11). 

Fig. 6 shows no trend away from a straight line, although 
the individual points deviate somewhat from this line. The 
slope equals 20, i.e. (K,,/s)(1/Kp+f/KeKpr)=20. Sub- 
stituting for K,,, Kp, s and f, we find K,,/Kp Kpp =42. 

The experiment summarized in Table 3 can be treated 
similarly. In the absence of phosphate, but the presence of 
fluoride, the velocity of the reaction, v;, is given by the 


expression 
V/vy=1+(K,,/8) (1 +f/Ke). 
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Substituting for K,,, Ky and s, 
V/v,=1 + 0-023 (1 +f/0-02). (11e) 
Equation (11) may be re-written 

Vi/v=1+(Ky/8)(1+p/Kp) +f(Km/s) (1/Kp +p/Kp Kop), 
and if V/v is plotted against f, a straight line with intercept 
1+(Ky/s) (1+p/Kp) and slope (K»/8) (1/Kp+p/KpKpr) 
should be obtained. In Table 3, V is calculated from v, by 
Egn. (llc). A correction must be applied to the values of v 
in the third column of this table to allow for the inhibition 
by phosphate in the absence of fluoride. It is apparent from 
the above that this inhibition is not due to the slight in- 
hibition of succinic dehydrogenase, but must be due to the 
second effect on the complete succinic oxidase system. It is 
assumed that this is superimposed on the effect being studied. 
It cannot be influenced by the addition of fluoride, which 
acts only on succinic dehydrogenase. The value of the 
correction is given by the ratio of v, and v in the absence of 
fluoride, namely 331/226. 

In Fig. 7, the plot of V/v’ against f fits a straight line 
closely, although this line does not meet the y-axis at the 
predicted point. The slope of the straight line is 200. Thus 
(K,,|s) (1/Ky+p/Kp Kpy) equals 200 and, by substitution, 


mi © 


Km|KpKpp =42. 


Thus the value of K,,,/Kp Kpy calculated from the experi- 
ment in which fluoride was varied at fixed phosphate con- 


Viv 
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Fig. 7. Data of Table 3 graphed. 
f=fluoride concentration (M). 


centration agrees closely with that calculated from the 
experiment in which phosphate was varied at fixed fluoride 


concentration. 


Relative inhibition of succinic oxidase system 
and of succinic dehydrogenase 


Equation (12) (see Appendix) shows that V/v is a linear 
function of V, i.e. the degree of inhibition will increase with 
increasing activity of the control. The data of Table 6 have 
been plotted in this way in Fig. 8, taking account of the fact 
that the values for V given in Table 6 should be divided by 
two when the dehydrogenase activity is measured. V has 
been calculated from Eqn. (lla) (see p. 191). Putting 
s=0-024, p=0-13 and Kp=0-1, we find, V/v,=1+95K,,. 
The value of K,, was taken as 4-8 x 10-* with the succinic 
oxidase system (see p. 191) and 

4-8 x 10-4 x v,/2 x 663 =3-6 x 10-7 v, 


in the dehydrogenase experiments, sinve it was assumed in 
the light of the findings below, that K,,, is approximately 
proportional to kj, which is proportional to V. The factor 2 
is introduced for the same reason as above. 

The data fit a straight line very closely. 


Calculation of the rate constants 
of the uninhibited reaction 

It is possible to calculate from Fig. 8 and some of the 

previous calculations, the rate constants of the uninhibited 
reaction. 

It is shown in the Appendix that when V/v=1, V equals 
-k,e. Thus from the extrapolation shown in Fig. 8, 
—k,e= — 48, i.e. k,e =48 yi. O,/hr./3-3 ml. =3-6 x 10-7 moles 

succinate/I./sec. 
V =kye =690 pl. O,/hr./3-3 ml. =5-15 x 10-* moles/I./sec. 

The Michaelis constant, 

Ky, = (ke + kj) /ky =4:8 x 10-4, 
i.e. (kge + kie)/kye=4-8 x 10-4, 
k,e=(k,e + kye)/4-8 x 10-4 
=5-51 x 10-*/4-8 x 10-4 
=1-15 x 10-* sec.—. 
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Fig. 8. Data of Table 6 graphed. 
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For the calculation of the actual rate constants, the 
enzyme concentration is required. There is no way of de- 
termining this at present. However, the above values are 
useful for determining the ratios of the constants, which are 
discussed below (see p. 194). It should be noted that the 
constants refer to 38°, although in the derivation of k,, the 
value of K,, at 20° has been used. If the K,, is different at 
38°, an error will be introduced into the calculation of h,, 
but this will not be very great. 

Some idea of the order of magnitude of the actual rate 
constants can be obtained if it is assumed that the concen- 
tration of succinic dehydrogenase in the heart-muscle 
preparation is of the same order of magnitude as that of 
cytochrome c. The fact that all the cytochrome components 
are present in the heart-muscle preparation in approxi- 
mately the same concentration (Slater, 1949f; Chance, 
1952) gives some justification for this assumption. The 
concentration of cytochrome c, calculated from the fat-free 





oS 
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dry weight and the data of Slater (1949/), was 0-16 x 10-*m 
in the experiment summarized in Table 6. This gives the 
following values: k,, 7 x 10*1. mole sec.-!; k,, 2 sec.—1; 
kj, 32 sec.-?. These values are probably within a factor of 
10 of the true values, but should not be taken as more 
accurate than this. 


DISCUSSION 
Mechanism of action of fluoride 


It has been shown that fluoride and phosphate 
separately have weak inhibitory effects on succinic 
dehydrogenase, competing with succinate for the 
enzyme. Fluoride and phosphate together, how- 
ever, inhibit much more strongly. The fact that the 
inhibition constant calculated from an experiment 
in which phosphate was varied at fixed fluoride con- 
centration agrees closely with that obtained when 
fluoride was varied at fixed phosphate concentra- 
tion supports the mechanism proposed on p. 190. 
Experiments have not been carried out at different 
pH’s, so it is not known which phosphate ion is 
inhibitory or whether it is the fluoride ion or the 
free acid which combines with the enzyme. Since, 
however, fluoride is almost exclusively in the form 
of fluoride ion at pH 7-3 (less than 0-01 % in the 
form of hydrogen fluoride, Borei, 1945), it is very 
probable that it is the ion which is involved. The 
straight-line relationship shown in Figs. 6 and 7 
indicate that one phosphate ion and one fluoride are 
involved in the inhibition. This is of interest, since 
inhibitions by fluoride often involve two fluoride 
ions, e.g. that of enolase (Warburg & Christian, 
1942) and of the oxidation of quinol by cytochrome 
cand cytochrome oxidase (Borei, 1945). 

The data of Table 6 and Fig. 8 clearly show that 
fluoride acts on the succinic oxidase system solely 
by virtue of its attack on succinic dehydrogenase. 
These experiments, therefore, give no support to 
Borei’s (1945) view that cytochrome ¢ is the 
fluoride-sensitive component of respiratory systems. 
Table 5 demonstrates this directly. Similarly, it 
follows that neither the cytochrome oxidase re- 
action nor the reaction between the endogenous 
cytochrome c in the heart-muscle preparation and 
cytochrome c¢ oxidase are affected by fluoride. In 
this respect, endogenous cytochrome ¢ differs from 
added soluble cytochrome ¢, since Borei found that 
the oxidation of quinol by soluble cytochrome c and 
cytochrome c oxidase was inhibited by fluoride and 
this inhibition was competitive with respect to 
cytochrome c. Borei’s experiment shows that 
fluoride affects the reaction between soluble cyto- 
chrome ¢ and the oxidase. Borei considered that 
this inhibition was due to a reaction between 
fluoride and cytochrome c, but since there is no 
other evidence for this, Slater (1949a) suggested 
that the action of fluoride was on the oxidase, 
similar to an effect of phosphate. It is interesting 
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that Borei found that phosphate increased the in- 
hibition by fluoride of this oxidation. 

Succinic dehydrogenase resembles enolase in 
that phosphate is required for the inhibition by 
fluoride. This raises the question whether the de- 
hydrogenase contains, like enolase, magnesium or 
possibly another metal. Such suggestions have been 
made previously. Massart (1939), on the basis of 
the inhibition by fluoride, suggested that the en- 
zyme was a manganese compound. Because the 
addition of calcium increased the succinic oxidase 
activity of homogenates, Potter & Schneider (1942) 
believed that calcium was a component of the 
system and suggested that fluoride combined with 
the calcium. Later, however, it was shown (Swingle, 
Axelrod & Elvehjem, 1942; Keilin & Hartree, 1949) 
that the activation by calcium had another explana- 
tion, and there is no reason to believe that calcium is 
a component of the system. The lack of effect of 
magnesium or manganese on the degree of inhibition 
of succinic dehydrogenase by fluoride is in contrast 
with the behaviour of enolase. It cannot be ex- 
cluded that the dehydrogenase is a magnesium or 
manganese compound but, if this is the case, the 
metal must be more firmly bound than in any 
known magnesium or manganese enzyme, since the 
exhaustive washing of the heart muscle would be 
expected to remove a considerable proportion of the 
metal from such enzymes. 


Effect of fluoride on intracellular respiration 


Fluoride in comparison with other inhibitors is 
not a very powerful inhibitor of succinic dehydro- 
genase, even in the presence of phosphate. How- 
ever, if the succinate concentration is not that 
commonly employed when it is used as substrate in 
enzyme experiments but is equal to that found in 
cells, it becomes a powerful inhibitor. Since the 
oxidation of succinate is an important step in 
respiratory metabolism, the effect of fluoride on the 
respiration of intact cells (literature reviewed by 
Borei, 1945) might be due to its effect on succinic 
dehydrogenase. This would be consistent with the 
fact that the inhibition is reduced by any influence 
that increases the cells’ turnover of substrate. 


Enzyme kinetics 
Michaelis & Menten (1913), in proposing the 
enzyme-substrate theory of enzyme action, which 
may be formulated 
ky 
E+S—~— ES, 
ke 
ks 
ES —— products, 
assumed that k, and k, were large compared with k;, 
so that the concentration of ES was kept at a value 
dictated by the equilibrium of the first reaction. 
13 
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Using this assumption, they derived the well known 
formula relating enzyme activity to substrate con- 
centration. This relationship could, in fact, be 
expressed by the value of a constant, now known as 
the Michaelis constant (K,,), which equalled the 
substrate concentration at which the activity was 
half that obtained with infinite substrate concen- 
tration. According to Michaelis & Menten’s equa- 
tion, K,,=k,/k,=the dissociation constant of the 
enzyme-substrate compound. 

Briggs & Haldane (1925) showed that the re- 
lationship between enzyme activity and substrate 
concentration had the same form, if Michaelis & 
Menten’s simplifying assumption was not made. 
They derived, from steady-state kinetics, the same 
formula as Michaelis & Menten, but 


Km= (kg + ks)/ky, 


which becomes k,/k, only if k, is large compared 
with k,. Thus, in general, although it may be con- 
sidered a kinetic dissociation constant when ES is 
reacting, K,, need not be the same as the dissocia- 
tion constant of the compound in the absence of 
further reaction. The difference between the 
Michaelis and dissociation constants has also been 
commented upon by Hearon (1949). 

Chance’s (1943, 1949) measurements of the actual 
rate constants of horse-radish peroxidase provided 
the first quantitative evidence in support of the 
essential features of the Michaelis-Menten theory. 
At the same time, they showed that for this enzyme 
the simplifying assumption of the theory did not 
apply, since k, is in fact very small compared with 
ees 

The present study, by less direct methods, has 
shown that, in the case of succinic dehydrogenase 
also, k, is much smaller than k,. Thus, for both these 
enzymes, K,, bears no relation to the dissociation 
constant of the enzyme-substrate compound. The 
actual magnitude of the difference in the case of 
succinic dehydrogenase is shown by the following 
figures; k,/k,=dissociation constant of the com- 
pound ES =E +5, in the absence of further reaction 
of ES (i.e. in the absence of hydrogen acceptor) 
=3x 10-5; Michaelis constant = 4:8 x 10-4, 

Since K,, depends on the value of k,’, which is 
affected by the concentration of the enzyme systems 
responsible for the transfer of hydrogen atoms from 
the ES compound to the hydrogen acceptor, there is 
no reason to believe that K,, will be the same for 
different enzyme preparations, even under other- 
wise identical conditions. It would be expected, 
however, that the dissociation constant (k,/k,) of 
succinic dehydrogenase would be a_ constant 


property of this single enzyme molecule. 

The rate constants which have been calculated ' 
are based on the assumption that the Michaelis 
theory applies to this enzyme. The existence of 
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competitive inhibitors, such as malonate, oxal- 
acetate, pyrophosphate, fluoride and phosphate, 
makes this extremely likely, but the rate constants 
must eventually be determined by direct measure- 
ment, when methods are available. 


Oxidative phosphorylation 

In order to explain the phosphorylation of 
adenosinemonophosphate (AMP) or adenosine- 
diphosphate (ADP) which accompanies the oxida- 
tion of succinate, one must assume some reaction 
between phosphate and the succinic oxidase system. 
Also to be taken into account is the fact that phos- 
phate is not necessary for the oxidation (Keilin & 
Hartree, 1949; Bonner, 1951). The inhibition by 
phosphate alone indicates some reaction between 
phosphate and succinic dehydrogenase, but the 
reaction is non-specific and the affinity very low. 
In the presence of fluoride, however, phosphate has 
a much greater affinity for the enzyme. The possi- 
bility exists that in a phosphorylating system some 
other component might act like fluoride and help to 
bind the phosphate firmly, followed by other re- 
actions leading to the phosphorylation of AMP or 
ADP. There is, as yet, no evidence to support this 
suggestion. 


SUMMARY 


1. Spectrophotometric methods for measuring 
the activities of the succinic oxidase system and 
succinic dehydrogenase are described. 

2. In the manometric method of determining 
succinic dehydrogenase, hydrogen peroxide is an 
end product. Thus oxygen uptakes obtained by this 
method should be halved to make them comparable 
with activities of the complete succinic oxidase 
system, which yields water as the end product. 

3. Fluoride and phosphate separately have only 
very slight effects on succinic dehydrogenase, 
revealed only at low substrate concentrations. 

4. The inhibition by fluoride and phosphate, 
acting together, is much greater. It is a rapid re- 
action and is largely reversed by dilution. 

5. All three inhibitions are completely com- 
petitive with respect to succinate. One molecule of 
phosphate and of fluoride react with each enzyme 
molecule. 

6. It is concluded that succinic dehydrogenase is 
the only component of the succinic oxidase system 
susceptible to fluoride, despite the fact that succinic 
dehydrogenase, as customarily measured, is in- 
hibited to a smaller degree than the complete 
system. 

7. The reasons for the smaller inhibition in the 
latter case are (a) succinic dehydrogenase is not 
working at its full activity in the test, because the 
concentration of the hydrogen acceptor limits the 
rate of the reaction; (b) the simplifying assumptions 
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of the Michaelis-Menten theory do not apply to 
succinic dehydrogenase. 

8. Arsenate behaves like phosphate but to a 
lesser degree. 

9. Manganese and magnesium did not affect the 
inhibition by fluoride and phosphate. 

10. Fluoride had the same inhibitory action on 
a phosphorylating mitochondrial preparation as on 
a non-phosphorylating preparation. 

11. Inhibitory constants, Michaelis constants 
and rate constants of the uninhibited reaction have 
been calculated. 
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12. The relation between the Michaelis constant 
and dissociation constant of the enzyme-substrate 
compound is discussed. 
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APPENDIX 


Derivation of kinetic equations 


The proposed mechanism (see p. 190) is 
k 





E + S—=Es, (1) 
ke 
(e—a—b—c—d) (s) (a) 
ks 
ES —— products + E, (2) 
(a) 
ky 
E + P= PP, (3) 
i 
(e-—a—b—c-—d) (p) (6) 
ke 
E + Fo =< EF, (4) 
ky 
(e—a—b—c—d) (f) (c) 
kg ky 
EP + F =— EPF =— EF +P. (5) 
kg kyo 
(6) (f) (d) (c) (p) 





The concentrations of the reactants are shown in 
brackets; e is the concentration of total enzyme 
(E+ES+EP+EF+EPF). 
Put (ky +h,)/ky=Km 3 
kg/kg= Kopp 5 kyy/kyo= Kyp- 
In the steady state, 
da/dt =k, s(e-—a—b—c—d)—(k,+k;) a=0, 


therefore (e—a—b—c—d)=(k,+k3) a/k,s=aK,,/s. 
(6) 
The concentrations of EP, EF and EPF will be 
governed by the equilibrium of reactions (3), (4) 
and (5). Thus 
b/p(e—a—b—c—d)=1/K,, 


kj/ky= Kp; ky/kg=Ky; 


i.e. b=(p/Kp) aK,,/s, (7) 
c/f(e—a—b—c—d)=1/Ky, 
i.e. c= (f/Ky) aK,,/s, (8) 


dlfb=1/Kyp, 


13-2 
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i.e. d=fb/Kpp 
= (fp/KpKpy) aK p/8. (9) 
Substituting in (6) the values for b, c and d obtained 
in Eqns. (7)—(9), we find 
a=e/{1+(K,,/s) (1+p/Kp+f/Ky+fp/KpKp,)}- 
The rate of the reaction, 
: v= ds/dt=k;a, 
i.e. 
v=kge/{1+(K,,/8) (1+p/Kp+f/Kyp+fp/KpKpy)}- 


When s=©o, o=V=k,’e, 


i.e. 
v= V/{1+(K,,/s) (1+ p/Kpt+f/Ky+fp/KpKpy)}, 
(10) 
or V/v=1+(K,,/s) (1+ p/Kp+f/Kyp+fp/KpKpy). 
(11) 


Expressing K,, as rate constants, 
V v= 1+ (hy + hy’) 
x (1 +p/Kp+f/Ky+fp/Kp Kpp)/kys 
= 1+ (k,/k,s) (1+p/Kp+f/Ky+fp/KpKp,p) 
+ (V/k,se) (1+p/Kp+f/Kyp+fp/KpKpp), 
(12) 


i.e. at fixed p, f and s, V/v will be a linear function of 
V. 
When V/v=1, 


(k_/k,8) (1+ p/Kp+f/Ky+fp/KpKpy) 
= —(V/k, se) (1+p/Kp+f/Ky+fp/KpKpy), 


i.e. —V=kh,e, (13) 


i.e. the extrapolated value of V obtained by con- 
tinuing the straight line obtained by plotting V/v 
against V to the value V/v=1 will be equal to 
—kege. 

Returning to Eqn. (5), 


d/ep=1/Kyp, 
i.e. d=cp/Kyp 
= (pf/Ky-Kyp) aK,,,/8, 


substituting the value for c, given by Eqn. (8). But, 
by Eqn. (9), 
d= (pf/Ky,Kpy) aK,,/8. 


Therefore KyKyp=KpKpy- (14) 
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A number of workers in the field of blood coagula- 
tion (Schmidt, 1895; Mellanby, 1908; Hammarsten, 
1914; Nolf, 1938) have sought to explain the con- 
version of fibrinogen to fibrin in terms of a proteo- 
lytic change. Though this concept has been con- 
tradicted recently (Jaques, 1938; Astrup, 1950), the 
fact that certain proteases, e.g. papain (Eagle & 
Harris, 1937) and some snake venoms (Eagle, 1937) 
can bring about clotting served to uphold the idea. 
However useful the information gained by analogy 
from other enzymes, direct proof was necessary to 
show that thrombin acts in a similar manner. It 
was therefore desirable to undertake a systematic 
comparison of the free amino groups of both fibrin- 
ogen and fibrin. Sanger’s (1945) method was used 
because of its high sensitivity and usefulness in the 
identification of the amino-acids involved. 

A preliminary account of part of this work has 
already been published in conjunction with 
Dr K. Bailey and Mr F. R. Bettelheim (Bailey, 
Bettelheim, Lorand & Middlebrook, 1951), who 
worked independently. 


EXPERIMENTAL 
Materials 


Fibrinogen. Since there is no real criterion of purity for 
fibrinogen, several methods of preparation were tried which 
were known to produce material of clottability exceeding 
90%. In most cases fresh bovine plasma collected in 0-2% 
(w/v) sodium oxalate was used as the source of fibrinogen. 

(I) Bovine plasma was precipitated with 0-25 saturated 
(NH,).SO,, the precipitate was centrifuged and redissolved 
in one-third of the original plasma volume of 0-9% (w/v) 
NaCl containing 0-2 % (w/v) sodium oxalate, and the solu- 
tion was then filtered. The precipitation with 0-25 saturated 
(NH,),SO, was repeated three times, and the final precipi- 
tate was dissolved in 0-9% (w/v) NaCl and dialysed at 2° 
against a similar solution for 48 hr. It was then filtered 
through paper pulp which had been washed with 0-9 % (w/v) 
NaCl. 

(II) The first precipitation with (NH,),SO, was the same 
as in the previous case; the separated precipitate was dis- 
solved in one-third of the original plasma volume of 0-9% 
(w/v) NaCl and was filtered thtough paper pulp. The solution 
was then cooled to 0° and diluted to 10 vol. with cold dis- 
tilled water. The fibrinogen was precipitated by the addition 
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of n-acetic acid to pH 5-5, centrifuged and redissolved in 
one-tenth of the original plasma volume of 0-9 % (w/v) NaCl 
and neutralized by the addition of NH,OH to pH 7-0-7-5 
(Bagdy’s (1948) method: personal communication). 

(III) Bovine fraction I (Armour) (1 g.) was dissolved in 
100 ml. 0-05Mm-phosphate buffer (KH,PO,: NagHPO, =2: 1). 
The solution was left in a refrigerator overnight and then 
filtered through paper pulp. One-third of saturated 
(NH,).SO, was added to the filtrate and the precipitate was 
centrifuged, redissolved in 40 ml. 0-3m-KCl solution made 
slightly alkaline (pH 7-5) by the addition of NaHCO,, then 
dialysed in the cold for 60 hr. against 0-2m-KCl. The freshly 
dialysed solution was finally filtered through a fine paper 
(Laki, 1951). 

(IV) A sample of highly pure fibrinogen was made 
available by the courtesy of Prof. Seegers (no. 501020). 

Thrombin. Hoffmann-La Roche and Seegers’ purest 
thrombin preparations, known to be non-fibrinolytic, were 
used. Both were obtained as gifts. 

Fibrin. This was isolated from any unchanged fibrinogen 
and from occlusions in the clot network by means of its 
solubility in urea (Lorand, 1948, 1950). The samples of 
fibrinogen were clotted with minute amounts of thrombin, 
the clot was dissolved in 30% (w/v) urea, and the solution 
was then poured into a large volume of 0-9% (w/v) NaCl 
solution, whereupon the fibrin separated out leaving any 
occluded material in solution. It is necessary to reduce the 
concentration of urea as much as possible, and certainly 
below 0-5% (w/v). The precipitated fibrin was washed 
thoroughly first with 0-9% (w/v) NaCl solution, then with 
water. (This method of recovering fibrin forms the basis of 
a newly devised clotting test; Lorand, 1951a.) 

The clot system, consisting of fibrin and clot liquor, was 
alsoexamined. Light’s 1-fluoro-2:4-dinitrobenzene (FDNB) 
was used, and all the other reagents were of analytical 
purity. 

Methods 


Treatment with FDNB. The proteins were treated with 
FDNB under the conditions recommended by Sanger 
(1945), and the reaction was carried out at room temperature 
for 16-24 hr. This ensured complete penetration and reaction 
of FDNB even in the case of fibrin and the whole clot 
system. The treated proteins were washed with water, 
ethanol and ether and were dried at 110°. 

Hydrolysis and separation of dinitrophenylamino-acids 
(DN P-acids). About 200 mg. of the treated proteins were 
hydrolysed under reflux in 20 ml. 5-7N-HCl. When DNP- 
glycine was being investigated, a compromise had to be 
effected between liberation and hydrolytic breakdown of 
this labile compound; thus the times of hydrolysis were set 
at 6, 8 and 12 hr. In the case of more stable DNP-acids, 24 
and 48 hr. weie chosen for times of hydrolysis. 

The hydrolysate was shaken with peroxide-free ether and 
the DNP-acids which were ether-soluble were examined 
first by Sanger’s method (1945). Extensive use was made of 
the buffered columns recommended by Middlebrook (1949, 
1950, 1951). Columns were usually made from 2 g. of silica- 
gel by using 0-5 ml. of the stationary phase per | g. of silica. 
The DNP-acids were identified by measuring their R values 
on various columns in conjunction with various solvents, 
and comparing with the R values given by authentic 
samples of standard DNP-acids on the same columns. 

The ether-soluble portion was estimated by evaporating 
the solution to dryness in a flask, and the residue was dis- 
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solved in a small amount of CHCl, and run on a pH 6-0 
column with CHCl,. The fast-moving decomposition 
products, including 2:4-dinitroaniline, were removed, but 
all the DNP-acids remained at the top of the column. The 
flask was rinsed with a small amount of ether, which was 
transferred to the column and the mobile solvent was 
changed to ether. Several bands were formed with R values 
that allowed the separation of a number of DNP-acids, e.g. 
bis-DNP-tyrosine was collected in the fast band, DNP- 
glycine moved with R=0-5 and DNP-glutamic acid with 
R=0-08. When DNP-threonine, -serine and -aspartic acid 
were present, they gave R values of 0-3, 0-2 and 0-02, 
respectively. In general, further identification and separa- 
tion of the collected bands was carried out on other columns 
suitable for their characterization. The bis-DNP-tyrosine 
was passed through an unbuffered column with CHCl, 
(R=0-4), DNP-glycine was run on an unbuffered column 
with CHCl, (R =0-2), and DNP-glutamic acid with 1 % (v/v) 
butanol-CHCl, (# =0-1) on an unbuffered column. 

The material remaining in the acid phase was estimated 
by drying downa portion of the ether-extracted hydrolysate, 
then taking it up in 30% (v/v) butanol-CHCl, and passing it 
through a silica-gel column with water as the stationary 
phase. In the experiments with fibrinogen and fibrin, only 
one band could be observed on this column corresponding to 
e-N-DNP-lysine (R =0-14). 

Estimation of DN P-acids. The separated DNP-acids were 
made up to a volume of 10 ml. in the appropriate solvent and 
estimated by using a Beckman ultraviolet spectrophoto- 
meter. e-N-DNP-lysine was measured in a solution of 
n-HCl, and the ether-soluble DN P-acids in a solution of 1% 
(w/v) NaHCO,, and the optical densities were compared 
with calibrated values of standard DNP-acids. Readings of 
the ether-soluble DNP-acids were taken at 350 and 360mz., 
where they show maximal absorption; «-N-DNP-lysine, 
however, was read at 390 mu. as recommended by Sanger 
(1949). At concentrations less than 60 um absorptions of the 
DNP.-acids investigated obey Beer’s law and measurements 
were taken within this limit of concentration. 

Rate of decomposition of DNP-acids. By estimating the 
free DNP-acids after hydrolysing, for different lengths of 
time, portions of the same batch of treated protein, it is 
possible to measure the decomposition rates of the DNP- 
acids (Middlebrook, 1950, 1951). The general procedure for 
separating the DNP-acids was exactly the same as de- 
scribed above. Table 1 shows the hydrolytic breakdown of 
the DNP-acids derived from fibrinogen and fibrin. It seems 
that DNP-acids which are relatively stable in one system 
may be more labile in another. While the rate of decomposi- 
tion found for DNP-glycine is close to that given by Sanger 
for insulin (Sanger, 1945) and by Middlebrook for wool 
(Middlebrook, 1950, 1951), the DNP-glutamic acid proved to 
be considerably more stable in the present case than in those 
reported by Porter & Sanger (1948) and by Middlebrook 
(1950, 1951). In view of the small amount of DNP-aspartic 
acid obtained from the treated fibrinogen the destruction 
rate of this acid was not determined, but the correction 
factor of Porter & Sanger (1948) was used. 

The yields of DNP-glycine, corrected for loss by hydro- 
lysis, were found to be the same after 8 and 12 hr. hydrolysis 
of the treated fibrin, but lower after only 6 hr. hydrolysis. 
Accordingly, in accurate determinations of the labile DNP- 
glycine, 8 hr. was chosen for hydrolysis in order to com- 
promise between reasonable breakdown and as complete 
hydrolysis as possible. 
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Amide N determination. It was necessary to know the 
protein content of the treated fibrinogen and fibrin, and this 
was computed indirectly by estimating the amide N of the 
treated protein and comparing it with the value obtained for 
the untreated protein (Sanger, 1945). A mild hydrolysis was 


Table 1. Hydrolytic breakdown of DN P-acids 
by boiling in 5-7N-HCl 


Time of Amount 
hydrolysis unchanged 

Amino-acid derivative (hr.) (%) 
DNP-glutamic acid 24 80 
24 81 

24 85 

DNP-glycine 4 56 
16 21 

e-N-DNP-lysine 24 93 
24 94 

Bis-DNP-tyrosine 16 81 
24 67 

40 55 

40 59 


used with 2N-HCl for 4 hr., and after neutralization the 
liberated NH, was estimated in the micro-Kjeldahl appar- 
atus as recommended by Sanger (1945). The amide N was 
found to be 1-30% for fibrinogen and 1-31 % for fibrin, in 
close agreement with the values given by Bailey (1944). 
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residue and in very minute proportion. Table 2 
illustrates the N-terminal groups probably related | 
to impurities in the various fibrinogen preparations | 
examined. \ 
Fibrin. The samples of purified fibrin contained 
glycine and tyrosine N-terminal groups and in all 
cases were free from traces of other end groups. 


Table 2. N-Terminal groups probably 


related to impurities 
Fibrinogen 
sample 
I Traces of glycine, serine, threonine, aspartic acid 
II Traces of glycine, serine, threonine, aspartic acid 
III Traces of threonine, aspartic acid 
IV Very minute traces of aspartic acid 


The clot system. To obtain strict comparisons and 
also to make equal allowance for possible im- } 
purities, experiments in parallel were undertaken 
with fibrinogen and with the whole fibrin-plus- 
supernatant system obtained from it. The clot was 
found always to contain a considerable number of 
N-terminal groups of glycine, whereas none or only 
very few were found in fibrinogen. Also the number 
of glutamic acid N-terminal groups in the clotted 


Table 3. Estimated number of moles of «-DNP-acids per 450000 unit of protein, after correction 
for hydrolytic breakdown (time of hydrolysis in hours in brackets) 


(Values in this table were derived from the same batch of fibrinogen. Where more than one value is given, these were 


obtained from different hydrolysates.) 
a-DNP-aspartic acid 


a-DNP-glutamic acid 


d-DNP-glycine Bis-DNP-tyrosine 


Fibrinogen IV 0-15 (24) 0-9 (24) Absent (8) 2-0 (8) 

0-9 (24) 2-0 (48) 
Clot Absent (12) Traces (12) 4-0 (8) Present, not 
4-1 (12) estimated 

(24) 

Purified fibrin Absent (24) Absent (24) 4-9 (8) 2-0 (8) 
2-1 (24) 
1-9 (48) 


RESULTS 


Fibrinogen. The different preparations examined 
for N-terminal groups gave essentially the same 
results in that glutamic acid and tyrosine (the latter 
was first observed by Bailey, 1951) were the chief 
terminal residues in all of them. In some prepara- 
tions variable traces of glycine end groups were 
found, but these may be ascribed either to im- 
purities or, more probably, to traces of fibrin (see 
below). In most of the samples listed, other N- 
terminal groups as well, including those of aspartic 
acid, serine and threonine, were detected in 


relatively small and varying proportions. One may 
safely assume that the presence of the last-named is 
due to impurities. In one of the purest preparations 
of fibrinogen, apart from glutamic acid and tyrosine, 
only aspartic acid could be found as an N-terminal 


Table 4. Lysine content derived from the e-N-DNP- 
lysine estimations after 24 hr. hydrolysis 


(Values in this table were derived from the same batch of 
fibrinogen, preparation IV. The two values given for 
fibrinogen were obtained from one hydrolysate.) 


Lysine N 
Lysine/100 g. as%of Moles lysine/ 
protein total 450000 unit 
(g.) protein N of protein ; 

Fibrinogen 6-32 7:17 195 
6-36 7-22 196 
Clot 6-27 7-12 193 
Purified fibrin 6-68 7-58 206 


protein was greatly reduced as compared with that 
of the unclotted material.. 

The results of the threefold approach outlined 
above are summarized in Tables 3 and 4. 
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DISCUSSION 


It is concluded from these results that fibrinogen 
contains N-terminal groups of glutamic acid and 
tyrosine, while fibrin has N-terminal groups of 
glycine and tyrosine. The quantitative values 
indicate that in a unit weight of 450000, fibrinogen 
has one glutamic acid and two tyrosine N-terminal 
residues (thus such a unit possesses three open 
peptide chains). It is believed that the small 
amount of terminal aspartic acid is due to impurities 
in the fibrinogen samples, since only one aspartic 
acid N-terminal group would be present in 5-10 
times the unit weight chosen. A value of 450000 is 
in close agreement with published values for the 
molecular weight of fibrinogen (Edsall, Foster & 
Scheinberg, 1947). The same unit of fibrin ends in 
two tyrosine and presumably four glycine N- 
terminal residues. 

An important conclusion can be drawn from 
these results with regard to changes that occur 
during the fibrinogen-fibrin transformation, namely 
that a-amino groups of glycine are liberated, 
possibly by the fission of glycyl-peptide bonds 
within the molecule. Such a change is a strong 
argument in favour of the proteolytic nature of the 
clotting mechanism. Bailey & Bettelheim (Bailey 
et al. 1951) have shown, in addition, that the action 
of thrombin seems specific for fibrinogen, since 
incubation of proteins such as ovalbumin and 
myosin with thrombin does not result in the libera- 
tion of new N-terminal groups; they have also 
proved that denaturation of fibrinogen does not 
bring about the appearance of glycine end groups. 
It is necessary to point out that our results and 
conclusions refer only to bovine fibrinogen; the 
structure of fibrinogen and the enzymic changes 
which take place on clotting may be species specific. 
Also, though the action of papain and proteolytic 
snake venoms on fibrinogen is known to result in clot 
formation, it does not follow that the changes at the 
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molecular level are identical with those brought 
about by thrombin. 

It can be seen from the results that the glutamic 
acid N-terminal residues present in fibrinogen could 
not be found by the FDNB method in the resulting 
fibrin. It was reasonable to suppose that the 
‘disappearance’ of glutamic acid end groups was 
due to a splitting-off of a portion of the fibrinogen 
molecule which was removed as an «-DNP-glutamyl- 
peptide during washing after the FDNB treatment. 
Indeed, this assumption prompted the investiga- 
tions which led to the discovery of fibrino-peptide 
(Lorand, 1951a, b, 1952). 

Within the limits of experimental error fibrinogen 
and fibrin contain the same number of free «-N 
groups of lysine as revealed by the FDNB method. 
Our values are somewhat lower than those found by 
Bailey (1951), who arrived at interesting conclusions 
with regard to the possible role of unreactive lysine 
side chains in the aggregation of fibrin particles. 


SUMMARY 


1. Bovine fibrinogen and fibrin were treated by 
the dinitrophenyl-method and the N-terminal 
residues determined. 

2. In the fibrinogen molecule two chains end in 
tyrosine and one in glutamic acid. The same unit 
weight of fibrin has two N-terminal residues of 
tyrosine and four of glycine. 

3. It was shown that the action of thrombin on 
fibrinogen results in the fission of glycyl-peptide 
bonds within the molecule, with the formation of 
fibrin and, it is suggested, the simultaneous removal 
of N-terminal residues of glutamic acid as part of 
a peptide. 

4. Fibrinogen and fibrin contain the same number 
of free e-N groups of lysine. 


We wish to express our thanks to Prof. W. T. Astbury, 
F.R.S., for his interest and encouragement. 
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Investigations on the N-terminal groups of fibrin- 
ogen and fibrin, as described in previous papers 
(Bailey, Bettelheim, Lorand & Middlebrook, 1951; 
Lorand, 195la; Lorand & Middlebrook, 1952), 
revealed that N-terminal residues of glycine are set 
free in the fibrinogen molecule as a result of the 
action of thrombin. Whatever the underlying 
mechanism of clotting, it was shown that the 
fundamental enzymic step in the transformation of 
fibrinogen to fibrin is closely linked up with the 
liberation of these end groups. This was the first 
direct evidence that thrombin acts as a protease. 
Assay of the N-terminal residues showed, further- 
more, that the glutamic acid end groups of the 
fibrinogen molecule were absent in fibrin. Such a 
change implied that their ‘disappearance’ during 
clotting was due, if they were not recombined in 
some way, to a splitting-off of part of the fibrinogen 
molecule. 

Current ideas on the enzymic action of thrombin 
are governed by the conclusions of Jaques (1938), 
who stated that all fibrinogen nitrogen was con- 
verted into fibrin nitrogen. These findings (Astrup, 
1950) do not favour the concept that the fibrinogen- 
thrombin reaction produces another substance 
besides fibrin. It became clear, however (Lorand, 
195la,b), that Jaques’s approach in studying the 
N-partition of the clotting system cannot be re- 
garded as adequate because of the possibility of a 
second reaction product being occluded within the 
clot and so being estimated as fibrin. If such a sub- 
stance is produced in the clotting system, it will not 
be detected unless looked for in a special way. 
A short account of the work presented here in 
detail has already been published (Lorand, 19516). 


MATERIALS 


Fibrinogen. This was purified from commercial Bovine 
fraction I (Armour) by precipitation with 0-25 vol. saturated 
(NH,).S0, (Laki, 1951 a). The clottability of the final product 
exceeded 90%, and care was taken that only freshly dialysed 
solutions were used in the experiments. 

Thrombin. This was obtained by the courtesy of Prof. 
Seegers and was used in aqueous, freshly dialysed solutions 
(2 mg./ml.). 

Other reagents were of analytical purity, and glass- 
distilled water was used throughout the experiments. 


EXPERIMENTAL AND RESULTS 


The release of non-protein N from the 
fibrinogen-thrombin system 

The fibrin gel could be converted into a flocculent 
precipitate by dissolving it in 1% (w/v) mono- 
chloroacetic acid and then precipitating the proteins 
with 7 % (w/v) trichloroacetic acid. This allows the 
release of non-protein material in the supernatant 
which was assayed for nitrogen by the micro- 
Kjeldahl method. Monochloroacetic acid, like urea 
(Lorand, 1950a, 1951la), dissolves the clot rapidly 
to produce a clear solution. It neither interferes 
with the nitrogen estimation nor does it inhibit the 
deproteinizing action of trichloroacetic acid. 


aS 


Released N.P.N. as % of total N 
= 





oO 
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Time of reaction 


Fig. 1. Increase of N.P.N. (% of total N) with time 
of action of thrombin on fibrinogen. 


In typical experiments the following procedure was 
adopted. To 8 ml. portions of fibrinogen (0-378 mg. N/ml.) 
dialysed against 0-2mM-KCl, 2 ml. 0-05m phosphate buffer, 
pH 6-8, and 0-2 ml. thrombin were ad¢ «", Clotting occurred 
within 30 sec., and the gels were dis d at different times 
with 9-8 ml. of 2% (w/v) monc.\ oroacetic acid. After 
dissolution of the clots in 2 min., 10 ml. of 20% (w/v) 
trichloroacetic acid were added. Half an hour after the pre- 
cipitation of the proteins the mixtures were filtered and N 
was estimated in duplicate on suitable portions of the 
filtrates. Kjeldahl digestions were carried out for 8 hr. 
using the catalyst mixture recommended by Chibnall, 
Rees & Williams (1943), and the method of estimating N 
was that of Ma & Zuazaga (1942). A solution of fibrinogen, 
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to which mono- and tri-chloroacetic acid was added prior to 
thrombin, was used as control. The results are shown in 
Fig. 1. 

The asymptotic level of the time-curve, main- 
tained for more than 18 hr., indicates that the 
increase of non-protein nitrogen (N.P.N.) in the 
supernatant is not due to fibrinolysis, but is a 
characteristic feature of the enzymic action of 
thrombin on fibrinogen. The reaction does not stop 
with the onset of gelation, but goes on to completion 
when about 3% of the total N appears as N.P.N. 
This implies that a pure fibrinogen preparation 
cannot contain more than about 97 % clottable N 
if fibrin could be recovered by an adequate 
method. (For an attempt along such lines see 
Lorand, 1951la.) 


Peptide liberated by the action of 
thrombin on fibrinogen 


Filtrates of deproteinized solutions of fibrinogen and 
fibrin were shaken with ether in order to remove the chloro- 
acetic acids. Portions (1 ml.) of each of the ether-extracted 
solutions were dried in vacuo and hydrolysed with 0-2 ml. 
5-7N-HCI in sealed tubes for 24 hr. at 110°. After the acid 
had been evaporated, both hydrolysates were subjected 
side by side on the same paper strip to one-dimensional 
ascending chromatography. Phenol-NH, was used as 
mobile phase, and the chromatograms were developed with 
a freshly made solution of 0-1% (w/v) ninhydrin in ether, 
heated for 5 min. at 100°. 


The chromatogram corresponding to the hydro- 
lysate of the protein-free supernatant of fibrinogen 
(repeated on three different preparations) showed 
a complete absence of amino-acids; while that 
representing the protein-free supernatant of fibrin 
produced several spots of varying intensity. 

In later experiments, in order to avoid the 
distortion of the chromatograms by the presence of 
salts, the original fibrinogen solution was dialysed 
against a solution of 0-05% (w/v) ammonium 
carbonate. Clotting could be conducted adequately 
in this medium, and the ammonium carbonate was 
volatilized during subsequent steps of the experi- 
ment. The results obtained by this modified process 
were substantially the same as described above, and 
the quality of the chromatograms was improved. 

The R, valies of the amino-acids in the hydro- 
lysate from the protein-free supernatant of fibrin 
were found, with phenol-ammonia as the mobile 
phase on a one-dimensional chromatogram, to be as 
follows: 


R, values 0-1 0-29 
Relative intensity of colour Strong Strong 


Chromatograms of unhydrolysed samples of super- 
natants did not show spots corresponding to free 
amino-acids. 
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Isolation of peptide from the 
jibrinogen-thrombin system 


The fibrinogen was thoroughly dialysed against a solution 
of 0-05% (w/v) (NH,),CO, at 0° until all other salts were 
replaced. Thrombin was mixed with the freshly dialysed 
fibrinogen solution at room temperature, so that the clotting 
time was 1-2 min. 2 hr. after gelation an equal volume of 
2% (w/v) monochloroacetic acid was added, whereupon the 
clot dissolved rapidly. When a clear solution was obtained, 
the proteins were precipitated by addition of half a volume 
of 20% (w/v) trichloroacetic acid. The precipitate was 
allowed to settle and the mixture was then filtered. The 
filtrate was concentrated by vacuum distillation at about 
13° into a smaller volume. This solution was thoroughly 
extracted with peroxide-free ether in order to remove the 
chloroacetic acids. The ether-extracted solution was then 
evaporated in vacuo and the separated material washed with 
ether. 


The substance obtained was readily soluble in 
water; the solution gave no precipitate on adding 
trichloroacetic acid, showing that no protein was 
present. A paper chromatogram of the substance 
demonstrated the absence of free amino-acids. The 
acid hydrolysate of the material, however, gave rise 
to a number of amino-acid spots on the chromato- 
gram, similar to those described in the previous 
section. 

The peptide can be precipitated from its solution 
in water by 75 % (v/v) acetone, and by this method 
an apparently pure sample can be obtained. In- 
vestigations for establishing the composition and 
molecular structure of the peptide are being carried 
out and will be reported on later. Pr: minary 
results (Lorand & Middlebrook, 1951) in .cate that 
the free amino end of the peptide chain | onsists of a 
glutamic acid residue, in good agreen ent with the 
previously reported finding that the N-terminal 
glutamic acid groups of the fibrinogen molecule are 
absent in fibrin (Lorand, 195la; Lorand & Middle- 
brook, 1952). From a personal communication it is 
learnt that Dr K. Bailey and Mr F. R. Bettelheim 
(1951), in parallel experiments at Cambridge, have 
also isolated a homogeneous peptide from the clot 
liquor. They have prepared this peptide both in the 
free form and also as a water-soluble dinitropheny! 
compound; its terminal amino groups account for 
the difference found in the content of glutamic acid 
N-terminal groups between fibrinogen and fibrin. 

According to private communications, Laki 
(19516) noticed recently the appearance of a sub- 
stance in the protein-free supernatant of the 
iodinated fibrinogen and thrombin system. The 


0-92 
Weak 


0-87 
Weak 


0-65 
Weak 


0-4 0-5 


Weak Strong 


supernatant was found to be biologically active in 
stimulating the frog heart (Laki, 1951c), and it is 
known now to give the biuret reaction. It is believed, 
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therefore, that the substance when isolated may 
turn out to be identical with the peptide reported 
previously by the present author (Lorand, 1951a, b). 


DISCUSSION 


Previous authors (Bailey et al. 1951; Lorand, 1951a; 
Lorand & Middlebrook, 1952) had reported that 
peptide bonds involving the amino group of 
glycine are split by thrombin within the fibrinogen 
molecule when it is converted to fibrin, and it had 
also been shown that the glutamic acid N-terminal 
residues of fibrinogen cannot be found in fibrin. The 
present paper reports further that the fibrinogen- 
fibrin transformation is accompanied by a simul- 
taneous liberation of N.P.N., and evidence is pre- 
sented to show that a peptide is set free at the same 
time. As suggested in the preliminary note 
(Lorand, 1951b), this peptide should be called 
‘fibrino-peptide’, for it is believed that it is pro- 
duced by splitting off a portion of the fibrinogen 
molecule during the formation of fibrin. The possi- 
bility remains that the free glutamic acid N- 
terminal residues always present in fibrinogen 
preparations are due to a tenaciously adsorbed 
peptide which is released only if the underlying 
molecule is converted to fibrin; but in view of the 
uniform results obtained with various preparations, 
this cannot be a likely explanation. The facts that 
(a) the peptide is not released from the fibrinogen 
preparation without the action of thrombin, (5) 
thrombin has been shown to be a specific protease, 
(c) the N-terminal residues of glutamic acid of the 
original fibrinogen are found as end groups of the 
released peptide, and (d) the liberation of N.P.N. in 
the fibrinogen-thrombin system proceeds parallel 
with clotting without the occurrence of fibrinolysis, 
are all strong arguments in favour of ‘fibrino- 
peptide’ being derived by fission of the fibrinogen 
molecule during its transformation into fibrin. 
Further evidence to establish the relationship 
between the release of fibrino-peptide and the 
clotting mechanism is being sought by studying the 
molecular structure of the peptide. 

Since it appears that fibrin is not the sole reaction 
product of the enzymic action of thrombin on 
fibrinogen, the process can accordingly be repre- 
sented as follows: 


Thrombin 


Fibrinogen —> Fibrin + fibrino-peptide. 





The reactions occurring when pepsinogen is acti- 
vated by pepsin (Herriott, 1941), or when oval- 
bumin is converted to plakalbumin by a bacterial 
enzyme (Linderstrom-Lang & Ottesen, 1949), must 
be very similar to the fibrinogen-fibrin transforma- 
tion. In all three cases a new protein species is 
created merely by splitting off a peptide or a few 
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amino-acid fragments from the main body of the 
original substance. 
Enzyme 
Protein A ——— Protein B + low-molecular 
substances (peptides), 


The resulting product (protein B) displays quite 
different behaviour from that of the primary pro- 
tein, though differing so little from it in molecular 
constitution. The concept of such a relatively minor 
change of the fibrinogen molecule during clotting 
would explain the findings that there is no appreci- 
able difference between the viscosity of fibrinogen 
and fibrin in urea (Lorand, 1948; Lorand, 1950a, b; 
Mihalyi, 1950a), and that both proteins have 
identical sedimentation constants in urea solution 
(Shulman, Ehrlich & Ferry, 1951). It should also be 
noticed that differences in the electrophoretic 
mobilities and isoelectric points of fibrinogen and 
fibrin (Mihalyi, 1950b) can most readily be inter- 
preted in terms of a proteolytic change involving 
fission of a peptide from the fibrinogen. 


} 


The proposed mechanism of the enzymic step in | 


the clotting of fibrinogen (Lorand, 1951a, b), as out- 
lined above, is supported by the recent observations 
of Laskowski, Rakowitz & Scheraga (1952). These 
authors showed that the reaction 


Thrombin 
—> Fibrin + fibrino-peptide 





Fibrinogen 
is a reversible one, and they demonstrated that the 
equilibrium could be shifted to the left by adding 
fibrino-peptide to the system. 

‘Non-specific’ clotting agents of the proteolytic 
type (papain, and certain snake venoms) are known 
to produce clots which, like fibrin, are soluble in 
urea (Janszky, 1949; Lorand, 1951a); but it is not 
known yet if these enzymes cause the same mole- 
cular alteration of fibrinogen as thrombin does, 
namely the liberation of glycine N-terminal groups 
with the splitting off of fibrino-peptide. The type of 
the reaction may be similar, but different enzymes 
may show individual variations in their actions at 
the molecular level. It is conceivable that in the 
course of the continuous degradation of fibrinogen 
by these agents a transitory stage is reached when 
the composition of the molecule happens to be 
similar to that of true fibrin, so that the particles 
then associate to a clot which, as the non-specific 
enzyme activity proceeds, is eventually digested. 
The action of thrombin, however, seems to be limited 
by its high specificity simply to producing fibrin. 


SUMMARY 


1. It is shown that the clotting activity of 
thrombin, known to be a specific protease, is 
accompanied by the liberation of non-protein 
nitrogen. 
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2. A peptide appears in the fibrinogen-thrombin 
system. 

3. It is suggested that this hitherto unknown 
substance should be called ‘fibrino-peptide’, since it 
is believed to be derived by splitting off part of the 
fibrinogen molecule. 

4, A method for isolating apparently pure 
fibrino-peptide is given. 


! 
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5. The release of fibrino-peptide is corre- 
lated with previous results, and the clotting 
of fibrinogen is discussed in the light of the new 
finding. 


I wish to thank Prof. W. T. Astbury, F.R.S., for the benefit 
of discussions, and Dr W. R. Middlebrook for his valuable 
help in the chromatographic experiments. 
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The Branched -Chain Fatty Acids of Mutton Fat 
1. THE ISOLATION OF (+)-14-METHYLHEXADECANOIC ACID 


By R. P. HANSEN, F. B. SHORLAND anp N. J. COOKE 
Fats Research Laboratory, Department of Scientific and Industrial Research, 
Wellington, New Zealand 


(Received 24 January 1952) 


Recent investigations in this laboratory have 
revealed the presence of branched-chain fatty acids 
as minor constituents of butterfat (Hansen & 
Shorland, 1950, 1951, 1952; Hansen, Shorland & 
Cooke, 1951a) and of beef fat (Hansen, Shorland & 
Cooke, 1952). The branched-chain acids isolated 
from butterfat comprised two C,, and one Cj, 
saturated mono-methyl acids, and a saturated 
multi-methyl acid. From beef fat was derived a C,, 
methyl-substituted acid corresponding with one of 
the C,, acids isolated from butterfat. 

Prior to the above findings, branched-chain acids 
had been located in the lipids of a number of bacilli 
(Anderson, 1927, 1941; Anderson & Chargaff, 1929; 
Velick, 1944a, b; Hofmann & Lucas, 1950) and in 
wool grease (Weitkamp, 1945), while the short- 


chain acid isovaleric was found by Chevreul in 1817 
(ef. Hilditch, 1947) in the head and jaw oil of the 
dolphin. 

The purpose of this paper is to describe in detail 
the isolation of (+)-14-methylhexadecanoic acid 
from the external tissue fat of ewes. The occurrence 
of this acid in ewe fat was briefly reported last year 
(Hansen, Shorland & Cooke, 19516). Although 
(+)-14-methylhexadecanoic acid has been shown 
by Weitkamp (1945) to be present in wool grease, 
where it occurs as a sterol ester, and although Velick 
& English (1945) synthesized this acid and confirmed 
its structure, it has not hitherto been reported as 
a constituent of natural fats. 

Since this manuscript has been prepared Dr G. 
Weitzel and Dr K. Thomas have, in a private com- 
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munication, referred to their discovery of optically 
active branched-chain higher fatty acids in the 
coccygeal glands of ducks and geese. 


1X PERIMENTAL 


The fat used in this investigation (saponification equiv. 
286-9, iodine value 46-6, unsaponifiable matter 0-56% and 
free fatty acids 0-4%) was obtained by mincing and then 


H 15 (acids) 
40 vol. acetone at — 40° 


HI5L (0-15 g., m.p. 33-5°) 


HI5SL (0-29 g., m.p. 35-5°) 


H15S2L (0-33 g., m.p. 35°) 


steam-rendering the external tissue fats of old overweight 
ewes. In accordance with the procedure earlier outlined 
(Hansen & Shorland, 1951), methyl esters (7-69 kg.) were 
prepared, and after hydrogenation were crystallized re- 
peatedly from acetone at — 30° to yield 332-6 g. of ‘liquid’ 
esters which were distilled in a 22-plate Vigreux column at 
about 0-2 mm. (cf. Table 1). Fractions HL10, HL11 and 
HL 12 were bulked together, denoted H1, and fractionated 
in vacuo in a 40-plate column of a modified Lecky & Ewell 
(1940) type (cf. Table 2). Details of this column will be 
published elsewhere. 


Table 1. Fractionation of ‘liquid’ methyl esters 
from hydrogenated mutton fat 


(Iodine value 7-0.) 


Saponi- Iodine 
Wt. fication value 

Fraction (g-) equiv. (Wijs) 
HLI 17-00 234-9 1-7 Liquid 
HL2 22-64 240-5 0-7 Semi-solid 
HL3 21-64 241-8 0-1 Solid 
HL4 25-23 242-5 0-9 Solid 
HL5 22-27 246-9 0-5 Liquid 
HL6 21-48 256-0 1-1 Liquid 
HL7 23-76 261-2 2-1 Liquid 
HL8 21-74 265-1 2-4 Liquid 
HL9 19-35 273-1 1-4 Liquid 
HL10 22-65 279-6 5:8 Liquid 
HLI11 21-99 284-9 7-3 Liquid 
HL12 25-87 287-8 3-3 Liquid 
HL13 16-94 297-9 9-5 Solid 


HLR 47-50 
Total 330-06 


319-6 28-9 Viscous liquid 


Methyl esters H1L2, H1L3, H1L4 from the above 
fractionation were combined, denoted H4, and crystallized 
as shown in Table 3. 

Fraction H10S2L was further purified by dissolving the 
fraction in 300 ml. of light petroleum b.p. 50-60°, and sub- 


jecting it to chromatographic separation using 320g. of 
activated alumina in a column of 3-5cm. diam. (ef. 
Table 4). 

Fractions H10S2Le to H10S2Lg were combined 
(5-03 g.) and denoted H15, while fraction H10S2Lb 
(7-62 g.) was submitted to further chromatographic separa- 
tion. The characteristics of fraction H 15 were as follows: 

Saponification equivalent 284-7, iodine value 1-4, m.p. 
2-5°; m.p. (acid) 37-5°. The acids were crystallized as 
follows: 


— 
H 15S (4-34 g., m.p. approx. 38-5°), 
2 x 40 vol. acetone at - 40° 


H15SS (4-03 g., m.p. 38-0°), 


100 vol. methanol at — 40° 


H1582S (3-71 g., m.p. 38°) 


X-ray diffraction measurements reported in this work 
were made using a Philips Geiger X-ray spectrometer. 
Samples were melted on a glass slide and quickly cooled. 

All melting points were determined in closed capillaries 
and are uncorrected. 


Table 2. Refractionation of fractions HL 10, HL11 
and HL 12 combined and denoted H 1 


Saponi- Iodine 

Wt. fication value 

Fraction (g.) equiv. (Wijs) 
H1L1 12-39 276-6 1-2 Liquid 
H1L2 11-34 283-5 0-8 Liquid 
H1L3 11-57 284-1 1-4 Liquid 
H1L4 6-26 284-7 0-6 Liquid 
H1L5 11-16 282-6 1-5 Liquid 
HILR 12-22 301-1 11-7 Liquid 

Total 64-94 
DISCUSSION 


The saponification equivalent and the combustion 
analysis of fraction H 15S 2S agree closely with the 
theoretical values for a saturated fatty acid with 
empirical formula C,,H,,0,. The C-methyl value, 
however, which is equivalent to 1-55 molecules of 
acetic acid, affords evidence of the presence of one 
side-chain methyl group (cf. Ginger, 1944). With an 
X-ray long spacing of 30-0A. and a melting point of 
38° this acid is further established as being distinct 
from normal heptadecanoic acid, m.p. 59-2-60-5 
(Cason & Winans, 1950), X-ray long spacing 
40-45A. (Francis & Piper, 1939). From the melting 
point evidence adduced by Cason & Winans (1950) 
in their investigations on the methyl-substituted 
isomers of octadecanoic acid, the relatively high 
melting point of H15S2S (38°) suggests that the 
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H4LL (1-33 g., m.p. — 25°) 


20 vol. ether at —70° n 1-4429), 20 vol. li -p- 2°, 
petroleum at —35° 40 vol. 


al we -27 g., nB" 1-4439) 
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Table 3. Low-temperature crystallization of concentrate (H 4) of methyl esters of C,, acids 


| 
| 
I 
| 
| 
| 
| 
I 
| 
| 
| 
I 
| 
| 


H6 (6-99 g.), 
20 vol. ether at —70° 


H6L 


(2-73 g., 


ni” 1-4458) 


or ! 


H4L (7-32 g., m.p. —10°), 


H4 (30-46 g.), 
20 vol. light 
petroleum at —70° 





H4S (23-14 g., m.p. +0-5°), 


5 vol. light 100 vol. light 
petroleum at —70° petroleum at —70° 
H4LS (5-94 g., m.p. — 10°), H4SL (6-22 g., m.p. 1-5°, H4SS (17-23 g., 


B” 1-4429), 20 vol. light m.p. +1 


HALSS | (3-64 g., n 30" 1-4424) 





H4SLL (5-37 g., H4SLS (0-66 g., 
n?* 1-4433), 20 vol. light m.p. 1-8°, n}” 1-4426), 
petroleum at —45° 20 vol. ether at —45° 


H4SL2L H4SL28S H4S2L 
4-75 g., ni’ 14437) (0-51 g., n 30" 14426) | (2-75 g., nil” 14452) ( 
i 





H4SLSL H4SLSS 
(0-65 g., ni" 1-4424) (0-01 g.) 
| 


nn 1-4429), 
ether at —70° 


H4S82S 
14-50 g., n3" 1-4424) 
| 


I 
i 
I 
| 
| 
I 
i 
| 
I 
| 
| 
I 


| 
| | 
| ! 
| | 
| | 
| I 
H6S (ff 
(4-96 g-,n = 1-4424) H5 (18-84 g.), 
40'vol. acetone at —70° 
| 
| 
| H5L H5S 
i (1:22 g., n° 1-4465) (17. 70 g., n30" 1-424) 
! | 


H10 (21-96 g.), 
10 vol. ether at —70° 


jo 


H10L H10S 
(1-27 g., n}” 1-4433) (20-71 g., 30" 1-4421), 
10 vol. ether at — 60° 


HI10SL (1-96 g., H10SS (18-71 g., 
nj 1-4424, m.p. 0°) ny 1-4421, m.p. +2°), 
10 vol. ether at 40° 


H10S2L (16-69 g., H10828 (1-71 g., 
nj) 1-4421, m.p. 1-8°) ni) 1-4425, m.p. 


2-3°) 
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side chain will not be located at the centre of the 


molecule, for in this position minimum melting 
points are shown to occur. 


Table 4. Chromatographic separation 


of fraction H 10S 2L 
Wt. 
Fraction (g.) Eluant nie 
H10S2La 0-03) Solid 
b 7-62 1-4421 
c 2-38 1-4417 
d 1-12| 300 ml. light petroleum } 1-4419 
e 0-73 (each fraction) 1-4417 
f 0-52 1-4418 
g 0-40 1-4418 
h 0-28 \1-4423 
i 0-40 600 ml. light petroleum 1-4423 
j 0-33 900 ml. light petroleum 1-4424 
k 0-03 300 ml. light petroleum --- 
containing 5% ether 
l 0-12 300ml. light petroleum 1-4431 
containing 10% ether 
m 0-01 300ml. containing 50% — 


light petroleum and 
50% ether 


Comparison of the properties of this optically 
active branched-chain C,, saturated acid fraction 
with those of the C,, dextrorotatory ante-iso acid 
isolated from wool grease by Weitkamp (1945) and 
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subsequently synthesized by Velick & English 
(1945) identifies H15S2S as (+)-14-methylhexa- 
decanoic acid (cf. Table 6). 

Although Velick (1947) reported a value of 
33-4A. for the X-ray long spacing of (+ )-14-methy]- 
hexadecanoic acid from wool grease, Nunn (1951), 
when analysing a sample of the same acid, also 
supplied by Weitkamp, observed an X-ray long 
spacing of 29-9A. This latter figure corresponds 
closely with that reported in this paper. Nunn was 
unable to confirm Velick’s (1947) value, but stated: 
‘It is possible that the method of preparation of the 
samples (for X-ray examination) used by us gave 
crystals in a metastable state.’ The accuracy of the 
measurement recorded here (30-0 A) was established 
by determining the X-ray long spacing of a standard 
sample of palmitic acid which gave a value of 
35-6A., this figure being identical with the accepted 
value of Francis & Piper (1939). 

The main fraction reported in this paper 
(H15S2S) comprises 3-71 g., but this quantity 
represents only a portion of the total content of this 
acid. Other fractions derived from H10S82L by 
chromatographic separation (cf. Table 4) also con- 
sisted mainly of this acid. For example, chromato- 
graphy and fractional crystallization of H 10S 2Lb 
(7-62 g.) yielded a further 3-45 g. of acids, m.p. 


Table 5. Characteristics of fraction H 15S 2S 


Saponi- Iodine X-ray 
fication | Combustion value long Specific Refractive 
Fraction M.p. equiv. analysis* (Wijs) C-Me* - spacing rotation index 
H15828 380° 270-5 (Cale. C, 75-7; 0-9 8-6% (equiv. 30-0A. [a]}#??° + 3-83° — 
acid for C,,H,,0,: H, 12-7% to 1-55 mol. (CHCl) 
270-4) (Cale. for acetic acid) 
Cy,H5402 : 
» 15°53 
H, 12-7%) 
H15828 25° 283-1 (Cale. ae - —- a _- nz 1-4424 


methyl ester 


for C,,H,,0, : 
284-5) 


* Analysis by Weiler and Strauss, Oxford, England. 


Table 6. Comparison of properties of fraction H 15S 2S with those of natural 
and synthetic forms of 14-methylhexadecanoic acid 


X-ray long 
spacing 
Sample M.p. (A.) 
H15828S 38-0°* 30-0 
( +)-14-Methylhexadecanoic — 33-4c, 
acid 29-9d 
36-84, — 
37-3-37-65 
( +)-14-Methylhexadecanoic 36-36-8°b 
acid 
(+)-14-Methylhexadecanoic 39:5-40-1°d =. 29-7d 
acid 


* Melting point uncorrected. 
a, determined by Weitkamp (1945); b, determined by Velick & English (1945); c, determined by Velick (1947); 
d, determined by Nunn (1951). 


Optical rotation 
[a] 332° (in chloroform) +3-83° 


[a]%°° (in acetone) +5-0°a 
[a]26° (in acetone) + 5-23°b 


[x] 20° (in acetone) +5-16° 


This work 


Isolated by Weitkamp 
(1945) from wool grease 


Synthesized by Velick & 
English (1945) 

Synthesized by Nunn 
(1951) 


~~ 
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37-5°. In the sample of external tissue fat analysed, 
(+)-14-methylhexadecanoic acid constitutes not 
less than 0-2 % of the total fatty acids. Examina- 
tion of other fractions from mutton fat is in progress, 
and the evidence already accumulated suggests 
that appreciable quantities of branched-chain acids 
are present. 

The work now reported establishes that certain 
branched-chain acids isolated from wool grease 
(Weitkamp, 1945) and presumably secreted by the 
sebaceous glands of the sheep are also present in the 
external tissue fat, and possibly in the other fatty 
tissues of this animal. 
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SUMMARY 


(+ )-14-Methylhexadecanoic acid has been shown to 
occur as a minor constituent of mutton fat. 


We wish to acknowledge the assistance given in this work 
by Mr M. Fieldes, Soil Bureau, Department of Scientific and 
Industrial Research, Wellington, who kindly carried out all 
X-ray measurements. 

To Mr M.S. Carrie, Chemist to The Hawkes Bay Farmers 
Freezing Company Ltd., and to the management of that 
Company, we are indebted for arranging supplies of suitable 
material for this investigation. 
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Seasonal Variations in Fatty Acid Composition of New Zealand Butterfat 
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New Zealand butterfat has been shown by Cox & 
McDowall (1948) to exhibit seasonal variations in 
softening points, iodine values, saponification 
values and Reichert values. The characteristic 
trend of variation of each of these properties was 
observed to be remarkably uniform in the four 
different years reviewed, and in butterfats from 
different localities. Interpretation of the precise 
nature of these changes, however, requires a know- 
ledge of the fatty acid composition and the glyceride 
structure of the different butterfats. 

Many workers have determined the fatty acid 
composition of butterfat to elucidate its nature 
(Hilditch & Jones, 1929; Jack, Henderson & 


Hinshaw, 1946), to study the effect of diet on the 


milk fat (Hilditch & Sleightholme, 1930; Hilditch & 
Thompson, 1936; Hilditch & Jasperson, 1943) or to 
find the factors responsible for seasonal changes 
(Hilditch & Jasperson, 1941). A great deal of infor- 
mation has thus been accumulated, but so far as we 
are aware no systematic investigations have been 
made similar to the work now reported. It com- 
prises both triplicate analyses of butterfat samples 
taken from the same locality at regular intervals 
over a whole year, and statistical evaluation of the 
results. 

The purpose of this investigation was to measure 
statistically at regular intervals the fluctuations in 
the fatty acid composition of New Zealand butterfat 
and to attempt correlation of these changes in 
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chemical composition with the findings of Cox & 
McDowall (1948). Six butterfat samples, repre- 
senting butter churned at two-monthly intervals, 
were analysed in triplicate to provide data for the 
comparison of fatty acid composition at regular 
intervals over the period of 1 year. For the com- 
parison of fatty acid composition in corresponding 
months of different years, triplicate analyses of a 
further two samples are submitted. Still another 
analysis serves to indicate the composition of the 
fat in the relatively dry month of March. Of the 
ten butterfat samples described in this paper, nine 
were supplied by the Rangitaiki Plains Dairy Co. 
Ltd., Whakatane, and were representative of the 
bulk churning of cream from numerous outdoor 
pasture-fed herds in the district. (Jerseys constitute 
no less than 85% of New Zealand’s dairy-cow 
population, and have resulted from crossing Jersey 
sires with Shorthorn, Friesian and Ayrshire cows 
(New Zealand Department of Agriculture, 1948).) 
The tenth sample (B/1) was supplied by the Dairy 
Research Institute and represented an April 1945 
churning from a mixed herd of outdoor pasture-fed 
cattle at Massey Agricultural College, Palmerston 
North. 

As reported in a paper on the accuracy of the 
ester fractionation analyses of butterfat (Hansen, 
1951), the procedure adopted in these analyses does 
not presume to provide confirmation of the absolute 
accuracy of results. A measure of the degree of 
reproducibility of results, however, has been 
established by analysing all samples in triplicate and 
determining statistically the standard deviation for 
each constituent acid within each sample and over 
all samples. Statistical assessment has also been 
made of the significance of differences between 
butterfats churned in different months of the same 
year and between those churned at corresponding 
months of different years. 


EXPERIMENTAL 


All analyses recorded in this paper have been carried out by 
the ester-fractionation method, based on the conventional 
procedure of Hilditch (1947) and Hilditch & Jones (1929). 
Minor modifications adopted in this work have been 
reported by Hansen (1951). The method followed was as 
outlined below. 

The fatty acids from 750g. butterfat were steam- 
distilled and the steam-non-volatile acids separated into 
‘liquids’ and ‘solids’ by crystallization three times from 
15 vol. acetone at -30°. The steam-volatile acids were 
fractionated in a 60 x 1-7 em. electrically heated and packed 
column of the type described by Longenecker (1937), while 
the ‘liquids’ and ‘solids’ respectively were converted to 
methyl esters and distilled in vacuo in a 90 x 3-5 em. packed 
fractionating column, electrically heated in three sections, 
as described by Jack & Henderson (1945). The efficiency of 
this latter column was measured at equilibrium using a 
mixture of CCl, and benzene, and was estimated using the 
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data of Coulson & Herington (1948) to possess seventeen 
theoretical plates. 

Calculations involved in the resolution of distilled 
fractions into components have been based on saponifica- 
tion equivalents and iodine values, and in general have 
followed the principles adopted by Hilditch (1947). Never- 
theless, to clarify interpretation of the results certain 
assumptions used in this work are specified below. 

It has been customary (cf. Hilditch, 1947) to calculate the 
proportions of oleic and octadecadienoic acids from the 
iodine value of the C,, unsaturated acid fractions on the 
assumption that only these two acids are present, but 
recently it has been shown (Shorland, 1950) that in addition 
to diene acids there is present in New Zealand butterfat 
linolenic acid in somewhat similar proportions. We have, 
therefore, made no attempt to resolve the C,, unsaturated 
acids into their components, but instead have followed the 
practice which Hilditch (1947) applied to complex mixtures 
of unsaturated acids of the same number of C atoms, and 
have expressed the mean unsaturation in terms of H. 

In the usual ester-fractionation technique it is not feasible 
to resolve the trace amounts of higher saturated and un- 
saturated acids. It now appears that in butterfat there is 
present a complex mixture of Cy) and C.. unsaturated acids 
(Shorland & Johannesson, 1951), while the saturated acids 
above C,,, according to Helz & Bosworth (1936), are mainly 
C,,, with traces of Cy, C..and C,, acids. 

In determining the proportions of unsaturated acids, of 
equivalent greater than that of the C,, unsaturated com- 
ponents, the error was minimized by refractionation of the 
residue, the final residual fraction (approx. 2 % of total fatty 
acids) containing little other than C,) or higher unsaturated 
acids, together with polymerized material. Hilditch (1947) 
calculated the butterfat saturated acids above C,, as Coo, but 
for the unsaturated acids above C,, he assumes a mean 
equivalent of 330 and describes these acids as Cy)—C... This 
description is no doubt correct, but as the proportions of Cy 
and C,, components are unknown, there is the difficulty of 
assigning an exact value for the saponification equivalent. 
Moreover, recent investigations have established the 
presence of trace amounts of substances hitherto un- 
identified in butterfat. In this category are included certain 
Cop unsaturated acids (Shorland & Johannesson, 1951) and 
the various branched-chain acids (Hansen & Shorland, 
1951 a,b; Hansen, Shorland & Cooke, 1951). One of these 
side-chain acids, incidentally, is a multi-branched Cy 
saturated acid. The determination of all these minor con- 
stituents is beyond the scope of present-day techniques of 
ester fractionation. Accordingly, for simplicity in both the 
saturated and unsaturated series, the acids above C,, were 
assumed to be entirely Cyy. 

In calculating those ‘solid’ fractions with saponification 
equivalents between 268 and 296, it was assumed that any 
unsaturation present was due to traces of methy] oleate, and 
that separation into ‘solids’ and ‘liquids’ by crystallization 
from acetone at — 30° had removed from the ‘solids’ all the 
C,, unsaturated acids (cf. Hilditch, 1947). This assumption 
was based on the following evidence: 

(a) The solubility curves of Foreman & Brown (1944) 
exclude hexadecenoic acid from the ‘solids’. 

(b) Only minor proportions of hexadecenoic acid (about 
2%) are present in butterfat. 

(c) The crystallization was carried out with precision and 
the proportions of unsaturated acids in the ‘solids’ (iodine 
value approx. 3-0) was low and in the fractions of molecular 
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weight approximating 270, almost negligible (iodine value a. a ae Yess 
approx. 03). Te eee C238 22 23 z2 22 
In resolving the steam-volatile fractions into their com- $ OPSSQSNYNPAYTNTH 
ponent fatty acids it was assumed that unsaturation when S 
present in the fractions of lower boiling point was due to 3 3 bes 3o a 2 a = 
decenoic acid (C,)) with an iodine value of 149-6. Noun- ‘> 2s $°5 2 > Bo aS Ss S 
saturated acid lower in the series than C,) has been isolated 3 — — 
from butterfat. Investigation of the steam-volatile residues = Z So a OS 
showed that they contained unsaturated components of a, cf S = af a 3 =o 
molecular weight greater than that of decenoic acid. As the i a we) BR one 
(Ci, unsaturated acid components constitute up to 85% of + 3 ae BOS Bek. 
the total unsaturated acids of butterfat, the practice in these $ c RUSS tes Set Se 
analyses was to assume this higher molecular weight un- a S ak” R 5 A 5 a 5 a q 
saturated material in the residues from the steam-volatile 3 g 3 
acids to be C,,, its presence probably being due to the slight = 2 b| Swan o8 eS en 
steam-volatility of oleic acid and possibly to ‘splashing’ 3 2 Bio a $ aS 4 S, _ ¢ 
during steam distillation. nt ‘3 a d 4 
The presence of oleic acid in the volatile residues was = & 3 G2 S&S eo 
further indicated when a methyl ester sample of this § 3 = cSs s . 7 a. Se 
material, on repeated crystallization from acetone and from s 8 3 +H 4H H +H 
methanol, yielded a fraction with saponification equivalent oS) seg bse my 
291-2 and iodine value 79-2. SB P| Fas a8 03 9 
Se ee 
oJ o 
DISCUSSION S$ 5 ee ae 
fa [sed 8 23 33 
In Table 1 are presented the mean values for S a L 5 g a a 
triplicate fatty acid composition analyses of six = | “ 
butterfat samples churned at approximately two- 5S ¥% (av rQotrs 
monthly intervals over the period of 1 year. Sa —* 5 = g = 5, = 5 
Accompanying these results is the standard devia- 3 8 
tion of each constituent both within analyses and s; = 2028 2S a San 
overall analyses. It will be noted from Tablel that ‘3 S = 5 5; = S a S = 5 
five of the samples with churning dates 15. ix. 47, = a 
18. xi. 47, 28. i. 48, 6. iv. 48 and 18. v. 48 arerepre- ‘5 3 soc OF OS o = 
sentative of one dairying season, which in New 3 % ~aZ a 5 NT AS, 
Zealand commences about mid-July. The sixth S g 
sample was churned 28. vii. 48, which date, under -3 3 a| sta © aOR 28 
normal conditions, corresponds approximately with  — ‘3/° °F SO = =F, 
the beginning of a new season. Evidence to be % iz > 
presented later in this paper indicates that only 3 3 3} = eg oh Hes 
minor differences exist in the fatty acid composition  § g % 17 o@ © oe 
of butterfats derived in the same months of different So 4aag 
years. Therefore, in order to compare a series of § % 3 era oR FA OF 
analyses typical of any one complete season, the = + 4/0 % oe a 
July sample of 28. vii. 48 (D/34) is assumed to g 3 
correspond with the July sample of a year earlier. = § & (2 On 08 OR 4H 
The six samples in Table 1 are then arrangedinthe => §& Se ae 
order of aseason which commences in Julyandends ‘3S 2 
in May. > 4 o&S 08 eS aS 
3 > Oo S. + >, ~~ wt 7 $ 
Seasonal variations in the proportions of the > z 
fatty acid constituents 8-2 OR oa oh +8 
In comparing the analyses of six butterfat samples 3 iw = 5 - 5 = 5 = 5 
shown in Tables 1 and 2, it will be observed that the S fi ee 
most characteristic feature of this series of analyses E 2... = a ee eo ae 
isthe marked change in chemical composition which Arta Sk 
occurs when the season has advanced 3—4 months. 5 ee = a 
This is well illustrated in the uniform pattern of 5 Me me oe 
changes followed by each member of the C,-C,, B= = — 
RQ 


group of saturated acids, and also by the C,, group of 
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unsaturated acids. These two groups of constituents 
comprise approximately 50 moles % of the total 
fatty acids. At the beginning of lactation the 
C,-C,, acids comprise 18-6%, and the C,, un- 
saturated acids 29-5 % of the total molar content, 
but these proportions change to 26-9 and 23-4% 
respectively in November, and then gradually 
return, at the end of lactation, to proportions similar 
to those at the beginning of the season. Although 
these changes in fatty acid composition involve a 
general compensation between the C,—C,, acids and 
the C,, unsaturated acids, the balance is not 
precise. For example, in July the low value for the 
C,-C,, saturated acids (18-6 moles %) is compen- 
sated for by high values in the C, and C,, saturated 
acids respectively, as well as by high values in the 
C,, unsaturated acids. In May, however, the low 
value for the C,-C,, saturated acids (20-1 moles %) 
is compensated for by a high content of stearic acid 
and of C,, unsaturated acids, the butyric acid con- 
tent being at a minimum. The amount of butyric 
acid tends to decrease with the advance of the 
season, but its variations at two-monthly intervals 
are irregular. Most marked of the differences in C, 
content is that between the July sample (12-0 moles 
%) and the May sample (9-5 moles %). When, 
however, the butyric acid content is expressed on 
a weight percentage basis (cf. Table 2) a more 
uniform trend is illustrated and the decline in 
content is shown to range from 4:5% in July to 
3-5 % in May. 

Palmitic acid, the major saturated component, is 
shown in Table 1 to be relatively constant in amount 
throughout the season, the highest value of 23-6 
moles % occurring at the beginning of the season in 
July, and the lowest value of 21-6 moles % appear- 
ing less than 2 months later in September. Whereas 
the C,-C,, saturated acid components are character- 
ized by a decrease in content from November to the 
end of the season, stearic acid is unique in that it 
shows a small but regular increase during this 
period. The total saturated acids in each of the six 
butterfat samples follow the same pattern of varia- 
tion as the individual C,—-C,, saturated acids. 
Statistical comparison of these latter constituents 
reveals the differences to be significant at the 1% 
level in twelve of the fifteen comparisons (cf. 
Table 4). When the component saturated acids are 
expressed as a percentage of the total saturated 
acids in each sample (see Table 3), they display, 
unlike the unsaturated acids when similarly ex- 
pressed, appreciable variations. Palmitic acid, for 
example, ranges from 35-8 moles % in July to 
31-7 moles % in November. Butyric acid changes 
erratically when expressed on this basis, while the 
C,-C,, saturated components show a regular move- 
ment throughout the season, the contents rising to 
a maximum in November, and then slowly declining 


ximately two-monthly intervals 


Table 2. Physical and chemical data for six butterfats representing churnings made at appro 


over the period of a year 


Total acids 


Total acids 


O,-Oyy 
saturated 


Saponi- 


Cc 
18 
unsaturated 


fication 


Todine 


liquid at 


- room temp. 


liquid at 
room temp 


Softening (C, acids 


acids 


Reichert 
(moles %) 


value 


(cale.) 
226 


294 


Saponi- 
fication 


acids 
(moles %) 


value 
(Wijs) 


Date of 


churning 


Butterfat 


(wt. %) 


) 


oO 


(moles ° 


(wt. %) 


pointt 
32-7 


value* 


equiv. 


sample 


SHORLAND 


47-3 


50-7 


4-5 
4:3 


42 


ana 


31-1 


4 


247-8 
244-4 
240-5 
244-0 


249-1 


39-9 


€ 
« 


28. vii. 48 


D/34 
C/38 
C/51 
C/56 


D/ 


47-4 


49-9 


24-4 32:3 


31-7 


38-4 28:1 


ix. 47 


18. xi. 47 
28. i. 48 


15. 


46-4 


32-0 26-1 32-7 


233-3 


23-4 


33-6 


3-6 
41-4 


47-1 


4-4 
3-5 


3°4 


« 
« 


24-4 


30-1 


9-9 


99 
“os 


36-8 


49-0 


33-7 
34:3 


€ 
« 


20-7 


nN 


Nn 


9-9 


€ 
« 


iv. 48 


6. 


3 


€ 
e 


46-3 


48-9 


3-5 


19-8 


a 
> 


re) 
N 
a 


249-3 


Nn 


18. v. 48 40:8 


D/12 


* Determinations mz 
a day or two of those 


esearch Institute, Palmerston North, New Zealand. (In some cases Reichert values were made on samples churned within 


ade by Dairy R 
reported here.) 


1952 


+ Softening points determined by Dairy Research Institute, Palmerston North, New Zealand, using the method of Barnicoat (1944). 





aE 








— 
— 
N 


SEASONAL VARIATIONS IN NEW ZEALAND BUTTERFAT 


Vol. 52 


FP 
ep pq 
Pm 
00 JR 
po ov 


sd PP 
eq qe 


oe 
6F:0 


oé-0 


8I7_¥, 
hs 


{(Qp ‘A ‘QT pouinyo) zT/q ‘e 


O-F 
UF 
L-€ 
GP 
O-F 
9% 


03, 
0 


pq oq 
se 
po pe 
90 98 
jq 08 
oq qe 


Je 


JP 9p 





69-0 


poe 
-Inyes 
1879. 


sajduos fo 


8-8 
T-S8 
5°S8 
8°€8 
L-98 
9-98 


8I 
a 








eq 
Jo 0q po PPA oq AG FA 
90 Je APT PS AMS PC JFoPq = eq pq 
jp pooe 90 jp 20 joje op je pqoq = jo je epoq  jooq 
eo po jqpe  jogp Jq 0q pooq jpoe jope jose  o0 08 yo je jpoe 
eqpq oq oe jyosq jJpoe jJqpe pq ov pq oe opoe 9908 oF 08 pope jqoq 00% oopR 
jojye pqqe pqjye peoe ovqe joqe yo jope jyoqe jqqe poqe jqqe pq je pope poqe 
yo po oq Jp yo oq 
jq ov ep ope pqqe oq oe po jp je ep pe - pe --- jo ow = jo je 
20 pq 9q 90 po 
po jq jo 90 jp opoe oq 08 
ep ep jyooqg popq opoq ope = jo jq jo pe 
oq 08 oq 08 opoqg jooq jeow pooe oq je 90 Ip jyosp jpoew 
peqe jojp ovqe joye opye jope jqqe ovqe oeqoq pooe opoe opoe opqe jypqe opoe 
LG-0 19:0 Gé-0 06:0 61-0 O10 1¥:0 €F-0 99-0 $g-0 Tg-0 69:0 86-0 09-0 
61-0 $F0 £6-0 ST-0 80-0 L0-0 €6:0 66:0 T&-0 OF-0 6€:0 9€-0 FF-0 0z-0 €F-0 
0% 8Iy i) ty By In ay sty Wy ey or 8 % ry 
Nese a - - J X — — —_ — — _ _ — _— a 


if 


% 1 48 gueoyusig 


o/ 
o I 


0 > 
4% you yng %e 





sproe Aq4Rj poyeingesuy) 


BOrno 
m9 01H 1018 


co 
so 
con 


oo 
of oF 





1GI 69 6 


© 19 
rx 


9-0 
6-0 
OT 
OT 
9-0 
9-0 


wr 


sploe Aqyey pozeingeg 


20a) % 1 pun ¢ yw qunoifrubrs av saouasaffip asoyn 


9-0 
9-0 
OT 


9-0 
9-0 


ot 
0 


aT 
6-0 
O-T 
8-0 
0-1 
9-0 
“O 


8-FE 
GEE 
0-€€ 
L:T€ 
6-1€ 
8-SE 


9 


6F1 i 
6-1 Lv 
@ST og 
6ST 1-9 
GF1 Gg 
Lél rP 
ey BI) 





Splov pozeingesun [e403 Jo odvqUs0I10d 


se possoidxo syuouodur0s poe pozeingesuy) 


pin payingosun pun ‘sproo payoinyos 70703 fo abnyuaosed sp syuauUodwos prow payounqwwy *¢ 


2D +H + 


as 
= 


Ne OO 


Hu 


or 
0 


81 
81 
0% 
9S 
eZ 
FI 
"O 


sploe poyeinges 12309 jo oBvquoo10d 


spin paynungosun 7040) fo abnyuaowad sp syuauodwmos 


sv possoidxo syuouodur0o plow pozeingeg 


(‘(QF ‘A "gz pournyo) 
‘(gp ‘AT ‘9 pouanypo) ¢/q ‘p (SF ‘I "gz pouanyo) ge/H ‘o f(z “Ix “gT pournyo) [¢/D “q ‘(LF “XI “GT pousnyo) g¢/p “e :soydures Jo uolyeUustseq) 


1D mt > +H 
© S19 16 


om© 
Acs 


L 


F9ORL 


J 


sind fo uoynoifissnjo ay7 pun ‘78a} .7, 243 fo sispq ay} UO SuDaU ajduMs UaaMjag saduasaffip quodifiubry “FF o[q~By, 


o-FI 
9-FT 
€-91 
6-FI 
O-LT 
S81 


tr 
\ 


qe quBoyIUsig 


queoylusis yoN 


9oUusleIp 


quvoyiusis % | 


eoudIEyIp 
queoyiusis %¢ 


IA 


rE/a ‘J 


zi/a 
¢/d 
9¢/9 
1s/9 
88/0 
re/a 
ejdureg 





9 


14- 


212 R. P. HANSEN AND F. B. SHORLAND 


to a minimum in May. The C,-C,, saturated acids 
follow the same trends as they do when expressed as 
percentages of the total fatty acids. 

Of the six butterfat analyses shown in Table 1, 
those which exhibit extreme differences are the 
November (C/51) and the May (D/12) samples. 
Statistical interpretation of the variations between 
these samples demonstrates significant differences 
between all components, except the C,, unsaturated 
acids which are present in minor amounts. Of these 
differences, ten of the thirteen are significant at the 
1 % level (cf. Table 4). The C,, unsaturated acids (the 
major constituents of butterfat) are at a minimum 
in November (23-4 moles %) and rise to a maximum 
in May (29-6 moles %), a seasonal variation of 
6-2 moles %. The accentuated difference between 
these two samples does, however, conform to the 
findings of Cox & McDowall (1948), who observed 
that seasonal changes in New Zealand butterfats 
were characterized by low average iodine values in 
November—December (about 34:0) which rose to 
relatively high values in May—June (about 40-0). 

While the content of C,, unsaturated acids in 
New Zealand butterfats is limited to the range of 
23-4-29-8 moles % the figures presented by Hilditch 
& Jasperson (1941) for English butterfats vary from 
25-5 to 37-7 moles %. The average of five values 
cited by Hilditch (1947) was 34-8 moles %. For a 
sample of Californian butterfat, Jack & Henderson 
(1945) recorded the surprisingly low figure of 
17-0 moles %. 

The palmitic acid content of New Zealand butter- 
fat is relatively constant (21-6—23-6 moles %) while 
that of English butterfat is shown to range between 
21-1 moles % (Hilditch & Paul, 1940) and 26-7 moles 
% (Hilditch & Jasperson, 1941). Jack & Henderson 
(1945) report 27-2 moles % of palmitic acid in their 
Californian sample, and Achaya & Banerjee (1945) 
show samples of Indian buffalo ghees as fluctuating 
from 19-0 to 31-9moles % of this constituent. 
From the evidence available, it would appear that 
New Zealand butterfats, by comparison with English 
butterfats, are characterized generally by a lower 
content of C,, unsaturated acids and of palmitic 
acid. 


Annual variations in fatty acid composition 


In Table 5 are recorded the results of triplicate 
analyses of a further four butterfat samples. For 
the purpose of determining annual variations in 
fatty acid composition, data are shown in Table 6 
representing the differences between means of 
analyses of butterfats churned in November 1946 
(B/36) and November 1947 (C/51), and between May 
1946 (C/18) and May 1947 (D/12) respectively, 
together with the levels at which these differences 
are significant. 
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Table 5. Triplicate fatty acid composition analyses of four butterfat samples 
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Statistical comparison of the two November 
samples B/36 and C/51 (cf. Table 6), shows that the 
variables of greatest magnitude are the C,,., C,, and 
C,, saturated acids, and the C,, unsaturated acids. 
All of these differences are significant at the 1% 
level. In the two May samples C/18 and D/12, 
the variables significant at the 1% level are the 
saturated acids C, and C,,, and the C,, unsaturated 
acids, which latter are present in minor amounts. It 
is not surprising that the C,, unsaturated acids 
show significant differences in the November 
samples, for these acids undergo rapid changes in 
content at this time of the year (cf. Table 1) and it 
would be considered unlikely that the period of 
minimum content of this constituent would fall at 
precisely the same time each year. With this reser- 
vation it is considered that the statistical evaluation 
of the differences in fatty acid composition of butter- 
fats churned in corresponding months of different 
years indicates that most of the components do not 
fluctuate appreciably in amount, and that where 
significant differences do occur the percentage 
variations are relatively small. 

Although the two comparisons referred to 
distinguish between fatty acid composition of two 
examples only, both of which represent samples 
churned in corresponding months of consecutive 
years, nevertheless, the results serve as a guide to the 
probable limits of annual variation. 


Relationship between chemical and physical constants 


As shown in Table 2, both the July and the 
September butterfats (D/34 and C/38) possess high 
iodine values of 39-9 and 38-4 respectively, while the 
November sample displays a sudden drop to a 
minimum value of 33-6, which slowly rises to give 
a@ maximum value of 40-8 in May (D/12). The 
corresponding C,, unsaturated acids follow the same 
trend. Although the iodine values are not directly 
proportional to the C,, unsaturated acid contents, 
the figures suggest that the iodine values are an 
indication of the amount of these acids present (cf. 
Bartley et al. 1951). 

For the six butterfats considered in Table 1, the 
sum of the C,, unsaturated acids and the total 
saturated acids in each sample is constant within 
very narrow limits (95-6, 95-4, 94-9, 95-7, 95-6 and 
95-5 %) and constitutes an average of 95-5 % of the 
total molar weight. Accordingly, values for the 
total saturated acids shown in Table 1 are as would 
be predicted from a knowledge of the C,, unsaturated 
content of corresponding samples. As the iodine 
value is an index of the C,, unsaturated acid content 
of butterfat, so also is it an index of the total content 
of saturated acids present. When the unsaturated 
acid components are expressed as a percentage of 
the total unsaturated acids, it is seen from Table 3 


able 6. Differences between means of samples taken at corresponding months of different years, 
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that the content of C,, unsaturated acids remains 
approximately constant over the period of a year, 
the values being 86-6 (D/34), 86-7 (C/38), 83-8 (C/51), 
85-3 (C/56), 85-1 (D/3) and 85-8% (D/12). Thus, 
although the total amount of unsaturated acids 
will vary at intervals, the C,, unsaturated acid 
components constitute an approximately fixed 
proportion of those totals. 

The saponification equivalents and iodine values, 
without bearing any direct mathematical relation- 
ship with each other, follow the same trends. In 
conformity with the graphs of Cox & McDowall 
(1948) saponification equivalents when converted to 
saponification values exhibit an interrelationship 
with the Reichert values, an increase in one corre- 
sponding with an increase in the other. As might be 
anticipated, the Reichert values are closely 
correlated with the proportions of C,—C,, saturated 
acids found to be present in the samples analysed, 
and are at a maximum of 32-0 in November and a 
minimum of 25-5in May. In Table 2 it is shown that 
minimum values for both the saponification 
equivalents and the Reichert values occur in the 
May sample in which the content of C,, unsaturated 
acids is highest, and maximum values occur in the 
November sample in which the C,, unsaturated acid 
content is lowest. Thus changes in content of 
C,-C,, saturated acids are reflected in compensat- 
ing changes in the content of C,, unsaturated 
acids. 

No correlation can be established between the 
softening points and iodine values of the butterfat 
samples reported in this paper. It appears, how- 
ever, that softening points are influenced more by 
the content of lower saturated acids (C,—C,,) than by 
the unsaturated components; high softening points 
corresponding with low contents of C,—C,, saturated 
acids and also with low Reichert values (cf. Eckles & 
Palmer, 1916). Attempts to correlate softening 
points with the total content of acids liquid at room 
temperature (C,, C, and C, saturated acids, to- 
gether with all the unsaturated acids) have not 
established any definite relationship. From data in 
Table 2 it might be expected that the November 
sample C/51 with a content of 45-4 moles % of acids 
liquid at room temperature (minimum value re- 
corded for the six samples) would possess a softening 
point higher than that of the other butterfats: 
actually its softening point is only 32-7°, which is 
identical with that of sample D/34 (July) with 
50-7 moles % (maximum value recorded for these 
six samples). Conversely, if a definite relationship 
existed it would be expected that the May sample 
(D/12) with the highest softening point of 34-3° 
would possess the minimum value for the total acids 
liquid at room temperature. However, its content 
of liquid acids is 48-9 moles %, only 1 mole % lower 
than that for the September sample (C/38), which, of 
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the six butterfats analysed, has the lowest softening 
point of 32-3°. A similar lack of interrelationship 
exists when the acids liquid at room temperature 
are expressed in terms of weight per cent (ef. 
Table 2). The absence of correlation between the 
content of acids liquid at room temperature and the 
softening points of corresponding samples, suggests 
that softening points depend on the mode of fatty 
acid distribution throughout the glyceride mole- 
cules. 


Factors influencing seasonal variations in fatty 
acid composition of New Zealand butterfat 


Among the many factors which have been 
suggested as being responsible for seasonal varia- 
tions in the fatty acid composition of butterfat are 
(a) diet, (b) plane of nutrition, (c) stage of lactation, 
(d) temperature of environment, (e) degree of free- 
dom of movement, (f) age of cow, and (g) breed of 
cow. 

Diet. The influence of diet on the fatty acid com- 
position of butterfat has been established by a 
number of experiments. Hilditch & Thompson 
(1936) fed linseed oil, which is rich in diene and 
triene C,, acids, and observed that there was no 
perceptible increase in the amounts of these sub- 
stances present in the milk fats. When, however, 
cows were fed liberal amounts of palm-kernel oil 
(Hilditch & Jasperson, 1943), or coconut oil 
(Hilditch & Sleightholme, 1930), both of which 
substances are rich in lauric and myristic acids, the 
proportions of lauric and particularly of myristic 
acids in the butterfat were increased. Similarly, the 
feeding of rape-seed oil (Hilditch & Thompson, 
1936), which contains erucic acid, led to the appear- 
ance of this acid in butterfat. The fats present in 
grass do not amount to more than 2-4 % of the dry 
matter (cf. Shorland, 1944), and their main con- 
stituents, linolenic and octadecadienoic acids, are 
found in not more than minor amounts (about 1%) 
in butterfat (cf. Shorland, 1950). From the ample 
evidence available it appears that under normal 
grazing conditions the influence of diet would 
remain substantially the same throughout the 
season and would not be responsible for variations 
in fatty acid composition of butterfat. 

Of the other factors referred to, those considered 
to have exerted greatest influence on the samples 
described in this paper are the plane of nutrition 
and the stage of lactation. 

Plane of nutrition. Investigations by Eckles & 
Palmer (1916), Riddet (1938), Riddet, Campbell, 
McDowall & Cox (1941) and by Smith & Dastur 
(1938) have all established that underfeeding has 
marked effects on the physical and chemical 
constants of butterfat. Smith & Dastur (1938), who 
supported their evidence with fatty acid composi- 
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tion analyses, showed that inanition led to an in- 
creased oleic acid content accompanied by a reduc- 
tion in the lower saturated acids. Their fatty acid 
composition analyses were consistent with the 
results of the other investigators who observed a 
rise in iodine value and a decrease in Reichert value 
with a lowering of the plane of nutrition. 

In New Zealand, cows are pasture-grazed through- 
out the year, the diet normally being supplemented 
with hay or silage during winter. Growth of pasture 
reaches its maximum within the months of Sep- 
tember to January and declines slowly towards the 
end of the season (May—June), the amount of feed 
available to cows in New Zealand diminishing 
accordingly. If the plane of nutrition were to in- 
fluence the fatty acid composition of the butterfat 
samples shown in Table 1 it would be anticipated 
that when pasture was abundant, as it normally is in 
November, analyses would reveal a low content of 
C,, unsaturated acids, with a corresponding high 
content of lower volatile acids, and that as the 
season advanced and food became increasingly 
scarce, the content of C,, unsaturated acids would 
rise. This pattern has been followed, the minimum 
content of C,, unsaturated acids appearing in 
November (C/51) and the peak value in May 
(D/34). Similarly, the lower volatile acids (C,-C,,) 
suffer a decline from 26-1 moles % in November to 
19-8 moles % in June. 

In Great Britain when the cows change over from 
stall-feeding to pasture-feeding in the summer the 
animals suffer a decline in the plane of nutrition and 
the iodine value rises to a maximum. It would 
appear that this factor may be responsible for the 
differences in composition observed between New 
Zealand and English summer butterfat. The analyses 
by Hilditch & Jasperson (1941) for English summer 
butterfat from pasture-fed animals are in close 
agreement with our analyses for New Zealand winter 
butterfat, except that the English butterfat 
characteristically has a slightly higher content of 
Ci, unsaturated acids. Similarly, Hilditch & 
Sleightholme (1930) observed a close relationship 
between New Zealand summer butterfat and an 
English (stall-fed) winter butterfat. 

Stage of lactation. That the stage of lactation 
exerts an effect upon the composition of butterfat 
was reported by Eckles & Shaw (1913), Holland & 
Buckley (1918), and by Riddet et al. (1941). The 
former observed that the volatile acids showed a 
uniform decline from the beginning to the end of 
the lactation period, and that the iodine value under- 
went a gradual increase, the highest point being 
reached at the end of the season. Similar trends 
in iodine values which appeared, regardless of 
seasonal changes in temperature, and in which the 
variations in iodine value were associated largely 
with changes in the estimated oleic acid content of 
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the fat, have been reported by Bartley et al. (1951). 
Hilditch & Sleightholme (1930), when commenting 
on the milk-fat analyses published by Holland & 
Buckley (1918), also considered that the amount of 
unsaturated acids in butter increased with the time 
the cows had been in lactation. 

In this present study of New Zealand butterfats, 
the contents of C,, unsaturated acids (which have 
been shown to be closely correlated with iodine 
values) do not gradually increase throughout the 
season as anticipated from the investigations of 
Eckles & Shaw (1913), but rather do they follow the 
trends of Bartley et al. (1951), who observed that 
milk fats possessed a high iodine value during the 
early stages of lactation followed by a decline (about 
8 units of iodine value) to the fourth or fifth month 
of lactation, and then a slight increase (about 
3 units of iodine value) to the end of lactation. 
Samples analysed in this present survey decreased 
in content of C,, unsaturated acids from 29-5 moles 
% at the commencement of lactation in July, te 
23-4 moles % in November, and only after that date 
did the content of these acids increase as the season 
advanced, reaching a peak (29-8 moles %) at the 
end of lactation. Whereas Bartley et al. (1951) found 
that the iodine value of the butterfat was 5 units 
lower at the end of the lactation period than at the 
beginning, our results show that the New Zealand 
butterfats produced at the beginning and at the end 
of the lactation period have approximately the same 
iodine values. 

The figures reported in Tables 1 and 2 are con- 
sistent with the changes in fatty acid composition 
resulting from the varying planes of nutrition 
throughout the season. Furthermore, they conform 
to those seasonal trends in content of C,, unsatur- 
ated acids observed by Bartley e¢ al. (1951) to 
accompany the advance of lactation. 

From the data now presented for New Zealand 
butterfat, it is felt that it is not possible to differ- 
entiate between the effects of the plane of nutrition 
and the stage of lactation. It is anticipated, how- 
ever, that this problem will be elucidated by experi- 
ments now being conducted by the Dairy Research 
Institute, Palmerston North, New Zealand. 

In conclusion, it is considered that the results 
presented in this paper illustrate the trends of the 
variations in content of each of the major fatty acid 
constituents of New Zealand butterfat during one 
season. The analyses further indicate that only 
minor changes occur in the composition of butterfat 
samples in the same month of different years. This 
information, when supported by the comprehensive 
data relating to the constants of butterfat over a 
4-year period (Cox & McDowall, 1948), affords a 
guide to the seasonal changes that can be predicted 
in the fatty acid composition of New Zealand 
butterfat. 








SUMMARY 


1. Six butterfats taken at approximately two- 
monthly intervals throughout the season have been 
subjected to ester-fractionation analyses in tripli- 
cate and the standard deviation for each constituent 
has been calculated. 

2. Throughout the season, beginning in July, 
there was found to be a regular increase in the 
content of C,-C,, saturated acids (and total satur- 
ated acids) up to November, and thereafter a slow 
decline to the end of the season. The C,, unsaturated 
acids varied in the reverse direction to that of the 
C,-C,, constituents. 

The butyric acid content changed irregularly, but 
tended to decline throughout the season. Palmitic 
acid showed little change, but when expressed as 
a percentage of the total saturated acids it showed 
a tendency to increase throughout the season. 

3. In comparing butterfats sampled at two- 
monthly intervals during 1 year, statistical evalua- 
tion showed that significant differences existed 
between many of the fatty acid constituents. 
Extreme differences in composition were exhibited 
by the May and November samples, where, of the 
thirteen differences, ten were assessed to be signifi- 
eant at the 1% level. 

4. Comparing the butterfats taken during the 
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same month, but in different years, significant 
differences were observed between certain of the 
component fatty acids. However, the differences 
were small, and this fact, together with Cox & 
McDowall’s (1948) results showing the similarity 
between the constants of butterfats sampled during 
the same months of different years, is sufficient to 
indicate that the present study would serve as a 
useful guide for predicting the fatty acid composi- 
tion of New Zealand butterfat for any given 
month. 

5. The variations in content of C,, unsaturated 
acids reflect the influence of the changing plane of 
nutrition throughout the year and at the same time 
are consistent with the changes observed by 
Bartley et al. (1951) to accompany the progression of 
lactation. 


The authors wish to acknowledge with appreciation the 
assistance in experimental work provided by Miss M. D. L. 
White. 

To Dr F. H. McDowall, Chief Chemist, Dairy Research 
Institute, Palmerston North, New Zealand, we are indebted 
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paper were made by the Applied Mathematics Laboratory, 
Department of Scientific and Industrial Research, Welling- 
ton. 
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The Biosynthesis of Protein 


1. UPTAKE OF GLYCINE, SERINE, VALINE AND LYSINE 
BY THE MAMMARY GLAND OF THE RABBIT 
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National Institute for Medical Research, The Ridgeway, Mill Hill, London, N.W.7 


(Received 10 December 1951) 


Owing to the failure to detect in tissue extracts any 
peptides which might serve as intermediates in the 
synthesis of proteins from amino-acids, theories 
have been advanced for the synthesis of proteins 
in which intermediates between amino-acids and 
proteins are not involved. Most of these theories 
depend on some sort of template mechanism (see 
Haurowitz, 1950, for general review). However, the 
possibility that peptides may play a role in protein 
synthesis has been revived by the isolation in the 
past 10 years of many antibiotic peptides. Various 
explanations have been sought for the striking 
biological activity of these compounds (Hotchkiss, 
1944; Work, 1949; Harris & Work, 1950). The 
hypothesis that these antibiotics might act by 
virtue of structural similarity to intermediates in 
protein synthesis prompted us to seek evidence for 
the occurrence of peptides as intermediates in 
protein synthesis (Campbell & Work, 1952). 

Although the information in the literature on the 
biosynthesis of proteins and on the part played by 
peptide intermediates is decidedly conflicting, there 
is some evidence for the metabolic activity of pep- 
tides. Thus, although small peptides other than 
glutathione have not been isolated from fresh cell 
extracts, Borsook and his colleagues have shown 
that various cells contain peptide material of higher 
molecular weight. In a tissue homogenate, glycine 
and leucine are incorporated faster into this peptide 
than into proteins (Deasy, Borsook, Haagen-Smit, 
Keighley & Lowy, 1949). Fischer (1948) also has 
found that tissue cultures of chicken myoblasts 
grow much better on a partial hydrolysate of protein 
than on a complete hydrolysate. 

Against this evidence in favour of the utilization 
of peptides must be set the failure of peptides 
obtained by partial hydrolysis of proteins to be 
utilized in intravenous infusion experiments in men 
and in dogs. Such mixtures were less effective in 
maintaining nitrogen balance than a complete 
hydrolysate of the same protein, and most of the 
peptide was excreted in the urine (Christensen, 
1950; Silber & Porter, 1949). 

Experiments on the turnover rate of isotopically 
labelled amino-acid in proteins have also been inter- 
preted as favouring the exclusion of peptides as 


normal intermediates in protein synthesis. No 
difference has been found between the half times for 
the incorporation of various amino-acids into rat- 
liver proteins, and Rittenberg (1948), in discussing 
this result, points out that if peptides were inter- 
mediates each amino-acid would probably have 
a characteristic and different half time. Muir, 
Neuberger & Perrone (1951) came to the same con- 
clusion after estimating the activity of the end- 
group valine and the residual valine of haemo- 
globin. The results of experiments involving passive 
immunity in rabbits favour the view that inter- 
conversion of one protein to another can only take 
place after complete hydrolysis of the protein to its 
constituent amino-acids and not through peptide 
intermediates (Heidelberger, Treffers, Schoen- 
heimer, Ratner & Rittenberg, 1942; Rittenberg & 
Shemin, 1946; Bulman & Campbell, 1951). 

If peptides were intermediates in protein syn- 
thesis we might expect to find evidence for their 
utilization as nutrients for micro-organisms, but 
synthetic peptides have been found to be inferior to, 
or no better than, the corresponding free amino- 
acids as nutrients for yeast (Danté & Thorne, 1949). 
However, Barton-Wright (1951) found peptone 
and wort superior sources of nitrogen for yeast. 
Various synthetic peptides have also been tried as 
growth factors for bacteria. In most cases the 
peptide appears to undergo hydrolysis before being 
utilized, but in a few cases the peptide may be used 
without prior degradation (Agren, 1947; Simmonds 
& Fruton, 1948; Krehl & Fruton, 1948; Simmonds 
& Fruton, 1949a, b; Taylor, Simmonds & Fruton, 
1950; Malin, Camien & Dunn, 1951; Nurmikko & 
Virtanen, 1951; Virtanen & Nurmikko, 1951). That 
partial hydrolysates of proteins have been found to 
have greater growth-promoting properties for 
bacteria than complete amino-acid mixtures 
(Sprince & Woolley, 1945; Dunn & McClure, 1950; 
Klungsoyr, Sirny & Elvehjem, 1951) also supports 
the hypothesis that micro-organisms can utilize 
peptides per se. These observations, together with 
our own studies on antibiotic peptides (Work, 1949; 
Harris & Work, 1950; Callow & Work, 1952), 
suggested to us that an important factor in the 
utilization of peptides might be amino-acid 
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sequence and that certain sequences might be 
characteristic for any one species. We decided, 
therefore, to examine the mechanism of synthesis of 
a particular group of proteins, the milk proteins; 
these are synthesized in the intact animal under 
conditions such that peptides produced by partial 
degradation of the animal’s own plasma protein 
would have an excellent chance of being re-utilized 
for milk synthesis before degradation was complete. 

Formation of milk protein was followed in lactat- 
ing rabbits after injection of radioactive [24C] 
glycine, valine and lysine respectively. The radio- 
activity of plasma protein was compared with that 
of milk protein and each of the three amino-acids 
was re-isolated from the milk protein and its specific 
radioactivity determined. In another experiment, 
radioactive plasma ([4C] glycine) from one rabbit 
was injected into a second animal and the radio- 
activity of the milk and plasma compared after 
suitable intervals. It is tentatively concluded that 
the plasma protein may supply some peptides for 
milk synthesis, but that the larger proportion of the 
nitrogen of milk protein is derived from the free 
amino-acids of the blood. The data on specific 
radioactivities of amino-acids re-isolated from milk 
protein favour the idea that peptides are inter- 
mediates in protein synthesis. 

A preliminary account of this work has already 
been published (Campbell & Work, 1951). : 


MATERIALS AND METHODS 


Glycine. The amino-acid was obtained from the Radio- 
chemical Centre, Amersham, as [«-!4C] glycine. 

Valine. Valine was supplied by the Radiochemical Centre 
as DL-valine with !C in the gem-dimethy]l groups. 

Lysine. pu-Lysine labelled with 14C in the «-position was 
kindly supplied by Dr H. R. V. Arnstein of this Institute 
(Arnstein, Hunter, Muir & Neuberger, 1952). 

Animals. Rabbits were used. The animals were allowed to 
suckle their own litter (not less than four) for 2 weeks and 
were during that period handled frequently so as to 
accustom them to being milked. They were fed ad lib. with 
a standard pellet diet (Diet 18, Bruce & Parkes, 1946). 

Milking. The litter was removed from the cage and the 
animal left undisturbed with food and water for about 5 hr. 
After this time an intravenous injection of 2 i.u. posterior 
pituitary extract (British Drug Houses, Ltd.) was given and 
milking was started at once, using a rubber catheter to fit 
over the nipple and applying an intermittent suction of 
10-20 cm. mercury. When necessary, a second injection of 
hormone was given after half an hour. When enough milk 
had been obtained, the animal was returned to its litter and 
left with it until 5 or 6 hr. before the next milking. It was 
found quite practicable to replace the original litter by a 
second and younger litter when necessary, and in this way 
a rabbit could be kept in full lactation for several months. 

Administration of valine. Du-Valine (11-9 mg.) containing 
6c. of 4C was dissolved in 4 ml. of isotonic saline. The 
solution was given in four equal doses by intravenous 
injection (ear vein) at intervals of 30min. Half an hour 
after the last injection the litter was removed from the 
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animal and about 6 hr. after the first injection milk and 
blood (ear vein) samples were taken; the animal was 
returned to its litter and further samples of milk and blood 
were withdrawn at suitable intervals, 

Administration of lysine. Dui-Lysine (543 mg.) containing 
11 pe. of 4C was dissolved in 12 ml. of saline and the experi- 
ment carried out as described for valine. 

Administration of glycine. Instead of dividing the dose, 
11-2 mg. of glycine containing 295 ye. of 4C were given asa 
single injection. In other respects the procedure was as for 
the other amino-acids except that a milk sample was 
collected at 6 hr. only and the animal was then killed and the 
whole of the blood collected. 

A further experiment was made with glycine in which 
1-8 mg. of glycine containing 5 uc. of *C were injected into 
a normal rabbit and blood samples were withdrawn after 
4, 6, 8, 10, 16 and 24 hr. 

Separation of milk proteins. In the lysine and valine 
experiments, the milk protein was separated into a casein 
and a non-casein fraction. The casein was precipitated by 
addition of a mixture of N-HCl and n-acetic acid (1:2 by vol.) 
(Van Slyke & Baker, 1918) to the milk previously diluted 
with 3 vol. of water. The casein separated cleanly at pH 46 
and was removed by centrifugation. The casein was re- 
suspended in water, centrifuged, and the supernatant added 
to the non-casein fraction. The casein was then suspended in 
ethanol, centrifuged, filtered, washed with ether, and air- 
dried. The pH of the aqueous solution containing the non- 
casein fraction was adjusted to 7-5. The protein was pre- 
cipitated by heating to 100°. The precipitated protein was 
centrifuged, washed twice with water and then with 
methanol, filtered, washed with ether and dried. The radio- 
activity of the non-protein fraction was so low that it was 
not investigated. 

In the glycine experiment three fractions were collected 
instead of two. Casein was separated as previously described, 
and the pH of the non-casein fraction was brought to 6. An 
equal volume of saturated (NH,),SO, solution was added; 
the precipitate obtained under these conditions is referred 
toas the ‘globulin fraction’ (Smith, 19466). After removal of 
the globulin fraction the solution was saturated with solid 
(NH,),SO,; the precipitate obtained is referred to as the 
‘albumin fraction’. In each case the salt-free protein was 
isolated by heat precipitation. The non-protein fraction 
which only constituted about 3% of the N of the milk was 
not investigated. 

In order to determine the distribution of protein in 
rabbits’ milk the following method of fractionation was used. 
After separation of casein as usual, the supernatant was 
adjusted to pH 7 and the solution saturated with MgSQ,. 
The precipitate obtained is referred to as the ‘globulin 
fraction’. After leaving the precipitate to stand overnight it 
was separated by filtration through Whatman no. 42 paper 
and washed with saturated MgSO, solution. An equal 
volume of 20% (w/v) trichloroacetic acid was added to the 
filtrate and the precipitate obtained referred to as the 
‘albumin fraction’. The filtrate is referred to as the ‘non- 
protein fraction’. The casein was dissolved in dilute alkali 
and the globulin in water. N determinations (Kjeldahl) 
were carried out on these two fractions. The amount of 
albumin was estimated from the difference between the 
N content of the MgSO, filtrate and the trichloroacetic acid 
filtrate. The distribution of protein in a typical sample of 
rabbits’ milk as determined by this method is given in 
Table 1. 
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Fractionation of blood proteins. Blood was withdrawn from 
the ear as required, heparinized and centrifuged. The red 
cells were washed twice with saline, lysed in water and the 
protein precipitated by heat after addition of ethanol. When 
the sample of blood taken was too small to allow proper 
fractionation of the plasma proteins, the plasma was mixed 
with the saline washings from the red cells and the protein 
was precipitated by adjusting the pH to 5-0 and heating. 

When the plasma protein was fractionated, the following 
modification of the procedure described by Howe (1921, 
1923) was adopted. The plasma was dialysed against 
distilled water until free from radioactive non-protein and 
then freeze-dried. The powder was redissolved in 0-9% 
(w/v) NaCl, made up to the original volume (21 ml.) and 
mixed with 10 ml. phosphate buffer (pH 7-8, 0-326m- 
K,HPO,, 0-0243mM-KH,PO,) and 10 ml. water. Na.SO, 
(216%, w/v) (34 ml.) was added to precipitate the fibrin 
which was collected on the centrifuge. A further 170 ml. of 
Na,SO, solution were added to the fibrin-free solution to 
precipitate the globulin. The precipitate was removed 
(centrifuge) and the supernatant saturated with solid 
Na,SO, at 37° to precipitate the albumin. Each protein was 
heat-precipitated, washed free of salts and dried with 
ethanol and ether. 

For the quantitative estimation of amino-acids in plasma 
proteins the method of Popjak & McCarthy (1946), in which 
the globulin is precipitated with saturated MgSO,, was used. 

Handling of protein samples. Proteins were weighed after 
drying in vacuo over P.O, at room temperature. Unless 
otherwise stated, samples were hydrolysed in sealed tubes 
for 18 hr. at 105° in 6N-HCI. 

Assay of radioactivity. All samples were plated on 1 or 
2sq.cm. disks and, when accurate comparison was being 
made between the specific activity of pure samples, counts 
were prolonged until the standard error of the count was 
less than 1-5%. All assays were made with disks of infinite 
thickness. Since the counts with proteins were only 
approximate, no special drying precautions were taken 
during counting. 

Isolation of lysine. Lysine was isolated as the copper 
benzylidene complex by the method of Turba (1948). The 
yields were not as good as those quoted by Turba; e.g. 
820 mg. casein gave 55 mg. complex. As the scale was much 
smaller, this is not surprising. The copper complex was sus- 
pended in n-H,SO, and decomposed with H,S. The solution 
was boiled and filtered hot, the precipitate being washed 
with hot water. Sulphate ion was removed from the filtrate 
as BaSO, and the aqueous solution of lysine concentrated 
until 0-5 ml. contained 15 mg. lysine. To this solution was 
added 1-5 ml. ethanol containing 24 mg. picric acid/ml. 
Lysine picrate crystallized at once. After recrystallization, 
this picrate was used for radioactive assay. The same weight 
(36 mg.) of lysine picrate from each protein was plated on 
a 1sq.cm. disk before counting. To eliminate errors of area 
disks were then exchanged between the two samples and the 
mean count calculated. 

Isolation of valine. After hydrolysis of the protein, the 
amino-acid mixture was allowed to react with excess of 1- 
fluoro-2:4-dinitrobenzene (FDNB) as described by Sanger 
(1945). The mixed dinitrophenyl- (DNP-) amino-acids were 
extracted into ether and the ether-soluble material fraction- 
ated on buffered Celite by the method of Perrone (1951). 
Preliminary separation of the mixed DNP-amino-acids from 
500 mg. protein was satisfactory on a 50 cm. column con- 
taining 60g. Celite 545 (Johns-Manville and Co. Ltd., 
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London, 8.W. 1), buffered at pH 6-6 and with ether as 
solvent. The DNP-valine band was, however, incompletely 
separated from other products and the material in it would 
not crystallize. The material was further purified by 
chromatography on a second column of 45g. Celite 545 
(pH 6-6) using CHCl, as solvent. The valine band (R =0-2) 
was collected and the DNP-valine crystallized twice from 
ether-ligroin, m.p. 129°. From 480 mg. casein we obtained 
29-2 mg. DNP-valine and from 520 mg. of a mixed whey 
protein we isolated 16-2 mg. DNP-valine. Before carrying 
out the radioactive assay of these two samples they were 
crystallized to constant and identical melting point, diluted, 
each with twice its own weight of pure synthetic DNP-t- 
valine, and again crystallized. 

The ease of isolation of DNP-valine is much influenced by 
the quality of Celite used. With two batches of Celite 545 we 
had no difficulty, but with a third batch we were unable to 
get satisfactory fractionation. 

Isolation of glycine. For the isolation of glycine from 
casein, 200 mg. protein were used. Lactalbumin and lacto- 
globulin contained higher percentages of glycine than casein, 
and satisfactory results were obtained with 75 mg. protein. 
The protein was hydrolysed and treated with FDNB as 
before. Columns of 2-0 or 2-5 cm. diameter were prepared 
with about 25 g. Celite 545/100 mg. original protein. These 
columns were buffered with phosphate buffer (975 ml. 
0-25M-KH,PO,+25 ml. 0-25m-Na,HPO,), 16 ml. buffer 
being added to each 25 g. Celite. The Celite was first sus- 
pended in peroxide-free ether and stirred mechanically with 
an efficient stirrer rotating at about 2000 rev./min. The 
buffer was poured slowly into this suspension and stirring 
continued for about 15 min. The column was packed as 
described by Perrone (1951), and the ether then displaced by 
a CHCI,-n-butanol mixture (7 vol. n-butanol, 93 vol. CHCI,, 
saturated with water after mixing). The mixed ether- 
soluble DNP-amino-acids were dissolved in 10-20 ml. of 
this CHCl,-butanol-water mixture and transferred to the 
column. The glycine band ( =0-29) was well separated from 
all other bands and was collected separately. After removal 
of solvent in vacuo the DNP-glycine crystallized readily, 
but as the quantity was less than 5 mg., crystallization was 
considered unsatisfactory as a method of purification. A 
second column of the same Celite-buffer mixture (2 x 16 cm.) 
was used for purification of the DNP-glycine. Instead of 
CHCl,-butanol, washed, water-saturated, peroxide-free 
ether was used as solvent. The glycine band was collected in 
a graduated vessel and a suitable volume (about one-tenth 
of the whole) withdrawn for estimation of glycine. A 
standard curve for DNP-glycine in 0-5% (w/v) aqueous 
NaHCO, (10 ml.) was constructed using a Hilger ‘Spekker’ 
photoelectric absorptiometer (filter 601). The curve was 
linear over the range 200-600yng. DNP-glycine and all 
estimations of [?4C] glycine were made within this range. 
For assay of radioactivity, the remaining nine-tenths of 
the DNP-glycine from the column was diluted with pure 
synthetic DNP-glycine (about 20 mg./1 mg. [#*C]DNP- 
glycine), the ether was removed in vacuo, and the residue 
crystallized from ether-ligroin. The above method of isola- 
tion was found to be more satisfactory than that described 
by Perrone (1951). 

Isolation of serine and threonine. The mixture of DNP- 
amino-acids which remained on the CHCl,-butanol column 
after removal of DNP-glycine was washed off with acetone 
and the acetone solution concentrated in vacuo. The residue 
was dissolved by shaking with a mixture of N-HCl and ether. 


220 


After several successive extractions with ether, the com- 
bined ether extracts were concentrated, the residue taken 
up in a few drops of ethyl methyl ketone and diluted with 
about 10 ml. ether. A Celite 545 column (2-5 cm. diam.) was 
prepared with 50 g. celite and 30 ml. buffer/100 mg. original 
protein and with ether as solvent. The buffer (pH 5-9) was 
a mixture of Aml. 0-25mM-Na,HPO, and*®&ml. 0-25m- 
NaH,PO,. The solution of DNP-amino-acids was trans- 
ferred to the column and the chromatogram developed, first 
with ether and then, when a small fast band had been 
eluted, the ether was displaced by a mixed solvent (150 ml. 
ethylmethyl ketone diluted to 500 ml. with ether and then 
saturated with water). After brief development with this 
solvent the threonine band (R=approx. 0-3) broke away 
from the main coloured zone. The threonine band was 
collected and DNP-threonine crystallized from ether- 
ligroin. On further development of the column a second 
band (R =approx. 0-15) separated from the main coloured 
zone. This was identified as DNP-serine by comparison with 
synthetic DNP-serine and by alkaline hydrolysis (Lowther, 
1951) to serine (identified by paper chromatography). By 
prolonged development of the column with the same 
solvent mixture, DNP-glutamic acid and DNP-aspartic acid 
could also be isolated. 

The quantity of DNP-serine isolated was too small to 
permit satisfactory purification by crystallization; purifica- 
tion was effected by chromatography on a second Celite 
column (10x 1-5 cm.) using the same buffer and solvent. 
We satisfied ourselves by experiments with synthetic 
mixtures that this procedure was justified. The DNP-serine 
band was collected in a graduated vessel and a suitable 
volume (about one-twelfth) withdrawn for colorimetric 
assay (Spekker). A standard curve for DNP-t-serine in 
0-5% (w/v) aqueous NaHCO, (10 ml.) was linear over the 
range 150-400yg. and all assays were made within this 
range. For assay of radioactivity the remainder of the 
DNP-serine was diluted with a suitable amount of synthetic 
DNP-t-serine and crystallized from a mixture of ethyl 
acetate and light petroleum (b.p. 60—-80°). 

Quantitative estimation of glycine. Glycine was estimated 
colorimetrically as DNP-glycine after separation as already 
described. For these quantitative estimations small Celite 
columns (10 x0-7.cm.) were convenient, using 3-10 mg. 
protein. Full details of the method are given in an Adden- 
dum to this paper. 

Quantitative estimation of valine and lysine. We are 
indebted to Miss K. de Bouk for these estimations, 
which were made by the method described in a previous 
note (de Bouk, 1952). 


RESULTS 


It is not possible to obtain a continuous supply of 
milk from a rabbit, and the optimum time for with- 
drawal of our first milk sample had to be decided. 
Since we were interested in the possibility that blood 
protein was the direct precursor of milk protein, the 
optimum time for first milking would coincide with 
the maximum in the plasma radioactivity curve. 
[4C] glycine (5yuc.) was injected into a normal 
rabbit and blood samples were withdrawn at inter- 
vals. The plasma protein was separated and assayed 
for radioactivity. It is apparent from Fig. 1 that the 
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maximum plasma radioactivity was reached about 
6 hr. after injection of [?4C] glycine. 


40 


30 


20 


Counts/min./2 sq.cm. 





0 5 10 15 20 25 
Time after injection (hr.) 


Fig. 1. Radioactivity of plasma protein from a rabbit after 
administration of [C] glycine. 


A lactating rabbit was injected with 295yc. 
[4C] glycine and was milked 6hr. later. When 
milking was completed the animal was killed and a 
small sample of the plasma fractionated as described 
under Methods. The distribution of radioactivity in 
blood and milk protein at this time is shown in 
Table 1. 


Table 1. Radioactivity of blood and milk proteins 
(counts/min. in 1 sq.cm. sample of infinite thick- 
ness) 6—-Thr. after administration of 295 pc. 
[4C] glycine to a 3-7 kg. rabbit 


Milk 

Weight* Bloodt 

(%) ActivityT activity 
Casein 74 1222 — 
Albumin 13 1511 313 
Globulin 9 1378 776 
Fibrin _— _ 221 
Haemoglobin _— — 68 


* Fractionated with MgSO,. 
+ Fractionated with (NH,),SO,. 
{ Fractionated with Na,SQ,. 


Since the picture with glycine is complicated by 
the rapid metabolic transformation which this 
amino-acid undergoes, similar experiments were 
made with [!4C] valine and [!4C] lysine. The results 
obtained after injection of valine are shown in 
Fig. 2. In this case, the animal was not killed and 
milk samples were collected for 7 days. The results 
obtained after injection of lysine are given in Fig. 3. 
In each case the milk proteins reached a much 
higher activity than the blood proteins. 

Where two proteins differ in amino-acid composi- 
tion it is not possible to make a direct comparison of 
their content of labelled amino-acid by measuring 
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the radioactivity of the whole protein since this may 
be influenced by the amount of the relevant amino- 
acid in the protein. In order to check on this point, 
quantitative amino-acid analyses were made on 
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Fig. 2. Radioactivity of milk and blood proteins from a 
rabbit after administration of [?4C] valine. 


samples of rabbit plasma protein and rabbit milk 
proteins. The results given in Table 2 show that 
there are considerable differences in the amino-acid 
composition of plasma and milk proteins. These 
differences are, however, quite insufficient to ex- 
plain the enormous difference in radioactivity 
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between plasma protein and milk protein as shown 
in Figs. 2 and 3. 

In another experiment, the radioactive carbon 
was injected not as free amino-acid but as labelled 
plasma protein. The rabbit, which had received 
295 pe. [4C] glycine, was killed after 7 hr., the 
plasma was collected, dialysed free of non-protein 
radioactivity, and freeze-dried. Another lactating 
rabbit was bled and about 25% of the blood was 
replaced by reconstituted radioactive plasma. 
Samples of blood and milk were then collected at 
suitable intervals and the radioactivity of the 
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Fig. 3. Radioactivity of milk and blood proteins from a 
rabbit after administration of [#4C] lysine. 


proteins determined. Since there was sufficient 
radioactive plasma from the one rabbit, two parallel 
experiments were carried out in which two different 
lactating rabbits were injected with radioactive 
plasma. The activities of the proteins isolated in 
each experiment are given in Table 3. Since the 


Table 2. Quantitative amino-acid analyses of various rabbit proteins 


(Valine and lysine determined microbiologically, glycine colorimetrically (as DNP-amino-acid). Results expressed as 


g. amino-acid/100 g. protein.) 





Milk Plasma* 
c —A =e c A ~ 
Casein Whey protein Albumin* Globulin* Albumin Globulin 
Valine 8-0 6-4 — — 7:8 9-1 
Lysine 7:3 5:3 — — 9-8 6-6 
Glycine 1-2 o= 455 3-7 3-1 2-8 


* Fractionated with MgSO,. 
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Table 3. Activity of milk and blood protein (counts/min. in 1 sq.cm. sample of infinite thickness) 
after administration of radioactive ([14C] glycine) plasma protein to rabbits 
Exp. 1 Exp. 2 
f A c nN 7 
Time after injection 1 hr. 2 hr. Shr. 3lhr. lweek 30min. 1hr. 6hr. 30hr._ 1 week 
Plasma, protein 79 — 53 29 ll 67 -- 42 23 6-7 
Milk, whey protein —_ 0-2 1-5 2-1 2:1 — Inactive 1-0 1-2 1-0 
Milk, casein —— 0-3 0-8 1-5 0-7 -- 0-9 1-4 16 Inactive 


counts on the solid samples of the milk proteins 
were so little above background, a more sensitive 
method of assay was used for the milk proteins 
isolated in the second experiment. Mr O’Connor of 
this Institute kindly determined the radioactivity 
of the weakly active proteins by conversion of the 
protein carbon to carbon dioxide and assay in a 
sensitive gas counter. The results of these experi- 
ments are given in Fig. 4. 

The results already obtained showed that there 
were major differences in radioactivity between 
plasma proteins and milk proteins, but we wished to 
know also whether there were differences between 
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Fig. 4. Radioactivity of milk and plasma protein from a 
rabbit after administration of radioactive plasma protein 
([4C] glycine). Curves W and C: radioactivity of whey 
protein and casein as determined in gas counter after 
combustion. Curves P and M: radioactivity of plasma 
and milk protein as determined from infinite-thickness 
solid samples. 


the milk proteins themselves and whether the 
injected radioactive amino-acid was in complete 
equilibrium or only in partial equilibrium with the 
amino-acids of each milk protein. To do this, it was 
necessary to isolate lysine, valine and glycine from 
the appropriate protein samples and, after purifica- 
tion, to determine the specific radioactivity of each 
amino-acid; the results are given in Table 4, the 
details of isolation and purification are given in the 
Methods section. 

Provided that all the radioactivity of the milk 
proteins was due to the presence of the injected 
amino-acid, then it should be possible with the 
information given in Table 2 concerning the amino- 
acid composition of the proteins and the radio- 
activity of the whole protein (Table 1, Figs. 2 and 3) 


to calculate the specific activity of each of the 
injected amino-acids. A comparison of the calcu- 
lated figure with that found by experiment (Table 4) 


Table 4. Specific activity of pure amino-acids 
(counts/min. in 1 sq.cm. sample of infinite thick- 
ness) isolated from hydrolysates of milk proteins 
obtained 6 hr. after administration of [14C] lysine, 
[44C] valine, and [#4C] glycine 
(The values are calculated with allowance for the mol.wt. 

of the amino-acid derivative isolated and used for counting 

and for any inactive carrier used.) 


Glycine Serine Valine Lysine 
Casein 28 000 19 900) m 

29200 20100; 3090 = 1700 
Albumin 20 400 13 200 

22600  13050| —o760# 1525* 
Globulin 25 010 14 750 


* In these cases the whey protein was treated as a single 
sample as the amount of milk available was considered 
insufficient to isolate the constituent amino-acids from the 
albumin and globulin fractions separately. 


Table 5. Calculated and experimental values for the 
specific activity of amino-acids (counts/min. in 
1 sq. cm. sample of infinite thickness) isolated from 
milk proteins 6 hr. after administration of [}4C] 
lysine, [*4C] valine and [4C] glycine 
(The calculated values are 100A/x, where A =observed 
activity of whole protein, and «=g. amino-acid residue in 
100 g. protein.) 





Casein Whey protein 

= ae aa as — 

Found* Cale. Found* Cale. 

Lysine 1 700 2 060 1 525 1 800 

Valine 3 050 2 600 2 760 2 500 
Glycine 28500 134000 21000t 64 000T 

25 000f 
* Cf. Table 4. 


+ Value for albumin. 
{ Value for globulin. 


would then test the validity of the assumption. The 
results of such a calculation on the 6 hr. milk protein 
are given in Table 5. It became obvious that, 
although the assumption was substantially correct 
for lysine and valine, it certainly was not correct for 
glycine. The proteins from the glycine rabbit, there- 
fore, contained some other amino-acid which made 
a major contribution to the total radioactivity of 
the protein. Accordingly a casein hydrolysate from 
the [C] glycine milk was analysed by single- 
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dimensional paper chromatography. The strip was 
sprayed with ninhydrin in the usual way, the posi- 
tion of the various amino-acids marked and the 
strip scanned for radioactivity by an automatic 
recording Geiger-Muller counter. The scanning was 
kindly carried out for us by Mr D. O’Connor. The 
result (Fig. 5) left no doubt that much of the activity 


Probable limit of 
background count 
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Glutamic> 
acid 
Glycine> 
Serine> 
Alanine> 
Proline> 
Valine> 


Fig. 5. Radioactivity of chromatogram of hydrolysate of 
casein obtained from milk of rabbit after administration 
of [14C] glycine. Hydrolysate chromatographed on paper 
in ‘collidine’ solvent, sprayed and coloured with ninhydrin 
(photograph, below), and drawn under a G.M. counter 
(curve, above). Owing to the monochrome of the photo- 
graph, some of the ninhydrin spots are not distinguish- 
able. Proline is indicated by a lightly hatched area, and 
one spot is drawn in. 


of the protein was due to serine, and accordingly 
a method was devised for the isolation of this 
amino-acid from the casein, albumin and globulin 
residues remaining after isolation of dinitrophenyl- 
glycine. The specific activity of the serine is recorded 
in Table 4. 
DISCUSSION 

Since the constituents of milk must be transported 
to the mammary gland in some form or other by the 
circulating blood, considerable attention has been 
devoted to arterio-venous changes of amino-acids 
and proteins in the blood of lactating goats and cows 
(Folley, 1949; Nikitin, 1949; Kay, 1947; Reineke, 
Williamson & Turner, 1941; Graham, Peterson, 
Houchin & Turner, 1937). According to Kay, ‘it has 
been accepted for some time that the total amount of 
amino-acids taken up as such by the lactating gland 
is insufficient to account for more than a small 
fraction of the protein appearing in the milk’. 
Graham et al. (1937) suggested that a globulin 
fraction of the blood was utilized for milk synthesis 
and that part of the globulin molecule was used 
without prior degradation to amino-acids. On the 
other hand, results reported in the literature suggest 
that the maximum rate of synthesis of plasma 
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protein is considerably less than would be required 
to supply all or nearly all the milk protein (Sprinson 
& Rittenberg, 1949; Robscheit-Robbins, Miller & 
Whipple, 1945). In interpreting the present results, 
four possibilities have to be considered: (a) milk 
protein might be derived entirely from plasma 
protein by minor rearrangement of peptide chains; 
(6) milk protein might be derived entirely from 
plasma protein via free amino-acids liberated within 
the cells of the mammary gland; (c) milk protein 
might be derived partly from plasma protein and 
partly from blood amino-acids; (d) milk protein 
might be derived entirely from free amino-acids 
without any necessity for the participation of 
plasma protein. 

In attempting to design experiments which might 
help us to decide between these various possibilities, 
the use of radioactive isotopes appeared likely to be 
of great assistance. However, the high cost of radio- 
active amino-acids prompted us to limit the size of 
the animal and for this reason the rabbit was 
chosen. Experiments on lactating rabbits are 
necessarily a compromise between what is desirable 
and what is experimentally practicable. For 
example, it was found to be inadvisable to take 
milk and blood samples too frequently since too 
much disturbance of the animal interrupts milk 
production. The size of the protein samples was also 
limited so that it was not always practicable to 
fractionate the milk protein into albumin, globulin 
and casein. In these cases the milk proteins were 
separated into two fractions only, a casein fraction 
and a whey-protein fraction. 

The results obtained leave no doubt that of the 
four possible methods for the biosynthesis of milk 
proteins two can be excluded. If only minor trans- 
peptidation within pre-existing plasma protein was 
necessary to convert it to milk protein, then the two 
proteins would be expected to have approximately 
the same radioactivity shortly after injection of “C; 
the activity/time curve for plasma reaches a maxi- 
mum after about 6 hr. (Fig. 1) and if plasma protein 
were the direct precursor of milk protein, the 
activity/time curve for milk protein would neces- 
sarily reach its maximum some time after this and 
would never rise above the peak of the plasma curve 
(Hevesy, 1948). Reference to Fig. 2 shows that after 
injection of [#4C] valine the casein and whey-protein 
activity curves reach values about ten times greater 
than the plasma curve. The results with lysine 
(Fig. 3) and glycine (Table 1) confirm the valine 
experiment and show that plasma protein cannot be 
the direct and only precursor of milk protein either 
by minor rearrangement of peptide chains (alter- 
native a excluded), or by prior breakdown of the 
plasma proteins to free amino-acids (alternative b 
excluded). 

The results obtained from the injection of labelled 
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plasma protein also support the exclusion of alterna- 
tives (a) and (6). Thus the maximum labelling of the 
plasma protein in the two experiments was 79 and 67 
counts/min./sq.cm. compared with a maximum acti- 
vity of the milk proteins of 2-2 and 1-6 counts/min./ 
sq.cm. respectively (Table 3). It was thought that 
the low activity of the milk proteins might be due to 
the activity in the plasma being concentrated in a 
small fraction which was not available for milk- 
protein synthesis. However, the results given in 
Table 1 indicate that this was not so. Schoenheimer, 
Ratner & Rittenberg (1942) obtained similar results 
after feeding amino-acids labelled with ™N. 

While the activity of the casein and whey-protein 
fractions after injection of the labelled amino-acids 
was far above that of the plasma it will be observed 
that in the case of valine and lysine the activity of 
the whey protein was less, and in the case of glycine 
more, than that of the casein. The last case is 
complicated by the fact that much of the glycine is 
rapidly converted to serine (Results and Table 4). 
Two explanations of these differences should be 
considered. First, the amount of the active amino- 
acid in the two proteins might be different. That this 
is so is shown in Table 2. Secondly, the two proteins 
might have been derived from amino-acid pre- 
cursors of different activity. Before considering this 
point it is necessary to consider the effect of changes 
in the total rate of synthesis of milk proteins in the 
mammary gland on the rate of synthesis of any one 
of the constituent proteins. 

So far as we can tell, all the milk proteins are 
synthesized in one type of cell (Richardson, 1947; 
Kay, 1947). There does not appear to be a casein- 
synthesizing cell, a lactoglobulin-synthesizing cell, 
etc. However, the possibility must be admitted 
that for the purposes of protein synthesis different 
parts of the same cell may have different functions. 
There is at present no evidence on this point and 
in our argument it will be assumed that the cell can 
be considered as a whole. In any brief period (a few 
hours) the rate of synthesis of each of the milk 
proteins is likely to bear a constant ratio to the 
overall rate even if this varies appreciably ; thus, if 
R,, R,, R,, etc., are the rates of synthesis of whole 
milk protein during successive intervals of time 7, 
T,, T;, etc., and A,, A,, A, the rates of synthesis of 
an individual milk protein A, then 


A, _ A, A, ; 

...— 
If B,, B,, B;, ete., are the rates of synthesis of a 
second protein B, then 





B,_B,_By_), 
i... 
A, A, A 

i.€ — == s_h_x. (1) 


P. N. CAMPBELL AND T. 8S. WORK 


1952 
If at time 7, we inject any suitable quantity of a 
radioactive amino-acid, then the concentration of 
this [4C] amino-acid available for protein synthesis 
during times T,, T,, T, etc., can be expressed as 
S,, S,, S;, ete. The same amino-acid will also be 
available in the !*C form in variable concentration 
expressed as M,, M,, Mg, etc. 

If the rates of synthesis of milk protein A at times 
T,, T., Ts, etc., are A,, Ay, As, etc., then the 
specific activity (Sp) of amino-acid S in protein A at 
time 7',, will be 

Sj nats S, A, ae S, Ag, +e S3 Ag 22 2 ibe S,A n 
“P= M,A,+M,A,+M,4,+...M,A,. 
The specific activity (Sq) of the same amino-acid 
in a second milk protein B will be 
_ S,B,+S8,B,+8, B+ Sn Br 
‘= MB, +M,B,+M,B,+...M,B, 
Rewriting Eqn. (1) 
A =B,K, A,=BA, ...; 
Substituting these values in (2) 
bits S,B,K+8S,B,K+S8,B,K...8,B,K 
; P=", B,K + M,B,K+M,B,K... M,,B,K 
(4) 


(2) 





(3) 








Eliminating K from (4), Sp=Sq (see (3)). 

Thus, even though the overall rate of milk syn- 
thesis during the 6 hr. period between injection and 
milking may vary, the specific activity of the in- 
jected amino-acid re-isolated from any two milk 
proteins shoyld be the same. 

Weare, of course, neglecting in this argument any 
breakdown of milk protein, but as the mammary 
gland is a secretory organ with a high overall output 
such breakdown can probably be neglected over a 
period of a few hours. We are also assuming that the 
amount of amino-acid given by intravenous in- 
jection was not sufficient to cause gross changes in 
metabolism. In the case of valine only 12 mg. of 
valine was given over a period of 1-5 hr. which 
would not be expected to be sufficient to cause such 
changes. In the case of lysine, much more was given 
(543 mg.) over a similar period, but since substanti- 
ally the same results were obtained with lysine as 
with valine it may be assumed that such a large 
dose did not affect the metabolism significantly. In 
the case of glycine only a small amount (11 mg.) was 
injected. 

If the theoretical treatment of the specific 
activities is accepted, we should expect to find after 
injection of lysine, valine, or glycine, that the 
specific activity of the relevant amino-acid isolated 
from casein and from whey protein should be equal. 
Reference to Table 4 shows that the valine re- 
isolated from the 6 hr. casein samples had a slightly 
higher specific activity than the valine from the 
whey protein. Similarly, the lysine from casein had 
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a slightly higher specific activity than the lysine 
from whey protein. In each case the difference is 
rather small but is probably outside the experi- 
mental error; we would hesitate, however, to base 
any theory on these results alone. After injection of 
[4C] glycine we re-isolated not only glycine but also 
serine. Conversion of glycine to serine must take 
place before protein synthesis so that the net result 
is equivalent to the injection of two amino-acids 
simultaneously into the same animal. If we take the 
casein specific activity figure for each amino-acid as 
100 then albumin-glycine = 75, albumin-serine = 65, 
globulin-glycine= 87, globulin-serine=73. These 
differences are well outside the experimental error 
observed in successive determinations on the same 
sample (Table 4), and we must, therefore, seek some 
explanation for them. 

We have assumed in our argument that the pre- 
cursor of milk protein is free amino-acid and that 
injected radioactive amino-acid will equilibrate 
with this. However, the specific-activity figures 
indicate that the amino-acids of milk albumin and 
globulin were incompletely equilibrated with in- 
jected amino-acid, i.e. there must be at least two 
forms of lysine, valine, glycine or serine used for 
milk synthesis, one form being, in each case, unable 
to equilibrate with injected radioactive amino-acid. 
This ‘bound’ amino-acid could be represented by 
either protein or peptide. If we assume that the 
casein was synthesized entirely from free amino- 
acid then the amount of bound amino-acid utilized 
for the synthesis of the whey proteins can be calcu- 
lated from the differences in the specific activities 
of the casein and whey-protein amino-acids. If the 
bound glycine was not radioactive then 25 % of the 
albumin-glycine and 12% of the globulin-glycine 
must have been transferred in this form. However, 
since the plasma proteins were themselves labelled, 
the bound glycine would probably have some 
activity; thus our figures must represent the 
minimum of each amino-acid supplied in a bound 
form. 

In attempting to decide whether the bound 
amino-acid is transferred as whole protein or as 
peptide, the evidence for the transfer of whole 
protein across membranes must be considered. 

It has been shown that young calves absorb into 
the blood stream immune globulin present in 
colostrum (Jameson, Alvarez-Tostado & Sortor, 
1942; Marrack, 1947; Smith & Holm, 1948), but 
there is no evidence for the absorption of casein 
from a similar source. Thus, protein which is homo- 
logous, or nearly so, probably can be absorbed from 
the alimentary tract, but foreign protein such as 
casein cannot. Dent & Schilling (1947) also came to 
a similar conclusion from experiments of a different 
kind in dogs. 

Ifthe mammary gland possessed the same type of 
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permeability to proteins as the intestine, then some 
albumin might be transferred from the serum (Polis, 
Schmukler & Custer, 1950; Coulson & Stevens, 1950) 
together with some immune globulin (Smith, 
1946a, b). Together these proteins account for about 
5 % of the nitrogen of milk. Thus it is not impossible 
on present evidence that the bound amino-acid is in 
the form of protein. However, the results obtained 
after the injection of labelled plasma protein suggest 
that the ‘bound amino-acid’ may be in the form of 
peptide rather than whole protein. In this experi- 
ment the activity of the milk protein was very small 
compared with that of the plasma protein (Table 3). 
The low activity of the milk protein could have 
arisen by a transfer of the [#4C] glycine and [#4C] 
serine as protein, peptide, or free amino-acid. If the 
transfer took place as protein then the activity of 
the casein would be expected to be much less than 
that of the whey protein. However, reference to 
Fig. 4 shows that the activities of the two proteins 
up to 30 hr. after injection were very similar. 

There is at present no direct evidence in support 
of the theory that the ‘bound amino-acid’ is trans- 
ferred as a peptide. However, proteolytic enzymes 
can catalyse transpeptidation reactions in vitro 
(Bergmann & Fraenkel-Conrat, 1937; Bergmann & 
Fruton, 1944; Johnston, Mycek & Fruton, 1950a, b; 
Fruton, 1950; Hanes, Hird & Isherwood, 1950, 
1952; Waley & Watson, 1951; Fruton, Johnston & 
Fried, 1951), and a transpeptidase is known to exist 
in the mammary gland of a lactating cow (Morton, 
1950). It is therefore quite reasonable to suppose 
that protein synthesis in the mammary gland in- 
volves simultaneous utilization of free amino-acids 
from the blood stream and peptides derived 
directly or indirectly from blood protein by such 
transpeptidation reactions. While this work was in 
progress, Anfinsen & Steinberg (1951) published 
some observations on the uptake of “CO, in the 
biosynthesis of ovalbumin. Their results also 
suggest that protein synthesis may take place by 
way of peptide intermediates. 

Emphasis must be placed on the qualitative 
nature of the present investigation and on its 
exploratory character. The terms ‘albumin’ and 
‘globulin’ refer in this work to protein fractions 
obtained at half and full saturation with ammonium 
sulphate, and the casein fraction is the mixed 
protein precipitated at pH 4-7. It is thus possible 
that within these groups there may be some protein 
formed entirely from peptides and other formed 
entirely from amino-acids. We hope to clarify the 
situation by extension of this type of investigation 
using a larger animal and by carrying out systematic 
fractionation of the proteins. 

One other point emerges from the present work, 
the great rapidity of the transformation of glycine 
into serine (Elliott & Neuberger, 1950). After 
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injection of [*4C] glycine, utilization of this glycine 
for milk synthesis will commence at once so that the 
glycine in the milk would be expected to have con- 
siderably greater specific activity than serine. We 
have not yet been able to degrade the DNP-serine 
obtained from milk to find whether one or two of the 
carbon atoms are labelled, but if we assume that 
only one is labelled then the specific activity of this 
carbon atom can be calculated. Such a calculation 
made with the figures from Table 4 showed that 
serine carbon and glycine carbon were of practically 
the same specific activity. This result certainly 
suggests that the transformation of glycine into 
serine is very rapid and that it may be erroneous to 
talk of a ‘glycine pool’. 


SUMMARY 


1. Valine, lysine and glycine, each labelled with 
144C, have been used to investigate the in vivo 
synthesis of milk proteins in the rabbit. 
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2. It has been shown from the activity/time 
curves for the milk and plasma proteins that under 
the conditions of these experiments the blood 
amino-acids contribute most of the nitrogen for the 
synthesis of the milk proteins. 

3. A comparison of the specific activities of the 
labelled amino-acids isolated from the radioactive 
milk proteins indicates that there exist at least two 
forms of precursors contributing amino-acid 
residues for the formation of milk protein. 

4. Injection of plasma protein labelled with 
[24C] glycine and [#4C] serine resulted in only a very 
slight activity in the milk proteins. 

5. A method for the quantitative estimation of 
glycine in protein by means of its dinitrophenyl 
derivative is described in an Addendum to this 
paper. 


The technical assistance of Mr S. Krol throughout the 
course of this work is acknowledged with pleasure. 
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ADDENDUM 


The Quantitative Estimation of Glycine in Small Samples of Proteins 


By S. KROL 
National Institute for Medical Research, The Ridgeway, Mill Hill, London, N.W.7 


While the methods developed by Stein & Moore 
(1948) and Moore & Stein (1949, 1951) for the quanti- 
tative determination of amino-acids using starch and 
cation-exchange resin give excellent results, they 
are time-consuming and inconvenient if only a 
single amino-acid is to be estimated. 

The present method is a simple adaptation of the 
method of Sanger (1945) for the detection of ‘end 
groups’ of proteins as N-2:4-dinitrophenyl-(DNP-) 
amino-acids. It has been found to be rapid and 
convenient and to give results which do not vary by 
more than +2-5% in successive determinations. 
Each analysis is carried out in triplicate on 5-15 mg. 
protein (according to the glycine content), and 
several protein analyses can readily be carried 
through together in 2 working days. The method is 
both more rapid and more accurate than that 
described by Callow & Work (1952). 

The protein sample is hydrolysed and the 
resultant amino-acid mixture is allowed to react 
with excess 1-fluoro-2:4-dinitrobenzene (FDNB). 
The mixed DNP-amino-acids are dissolved in a 
suitable organic solvent and the DNP-glycine 
separated on a buffered Celite column similar to that 
used by Perrone (1951). The glycine is then esti- 
mated colorimetrically as DNP-glycine. 

The rate of reaction of FDNB with glycine was 
studied and the optimum conditions for carrying 
out the reaction determined. The method has been 
applied to the estimation of glycine in the milk and 
plasma proteins of the rabbit. 


EXPERIMENTAL 


Solvents. B.P. ether was washed once with an equal 
volume of fresh aqueous solution of FeSO, (5%, w/v) 
and six times with equal volumes of water. CHCl, was 





washed with six changes of water, distilled and rewashed 
with one volume of water. n-Butanol was freshly distilled 
and the fraction boiling at 117+1° used. For chromato- 
graphy, a mixture of CHCl, and butanol (93:7 by vol.) was 
saturated with water; this mixture is referred to throughout 
as CB. 

Columns. Celite 545 (Johns-Manville Co. Ltd., London, 
S.W. 1) (30 g.) was suspended in washed ether and 18 ml. 
buffer added (0-25m-KH,PO, 97-5 vol. +0-25mM-Na,HPO, 
2-5 vol.). The suspension was stirred at high speed 
for 30 min. A glass tube (1-0 cm. internal diam.) was 
packed to a height of 15 cm. with the Celite mixture using 
the tool of Howard & Martin (1950). The ether was allowed 
to drain until the top of the Celite was almost exposed and 
the column then washed with CB (10 ml.). 

Procedure. The solution, containing 120-500yg. DNP- 
glycine, was taken to dryness over P,O,; in a vacuum desic- 
cator, dissolved in 1-2 ml. CB and transferred quantitatively 
to a Celite column. The chromatogram was developed with 
CB. The glycine band (R =0-29) was sharply defined and no 
effluent was collected until this band was 0-5 cm. from the 
bottom end of the column. The effluent was now run into a 
50 ml. graduated cylinder. The glycine band left the column 
with the next 5-10 ml. CB, but collection was continued 
until the volume of CB effluent in the cylinder was 48-49 ml. 
The volume of CB was adjusted to 50 ml. and exactly 10 ml. 
0-5% (w/v) aqueous NaHCO, added. On shaking the 
stoppered cylinder, all the colour was transferred to the 
aqueous layer, which was separated and centrifuged to 
eliminate any cloudiness caused by organic solvent. The 
colour intensity of the DNP-glycine in the aqueous phase 
was measured in a ‘Spekker’ photoelectric absorptiometer 
using a violet (601) filter. 

Standard curves. In order to determine the loss of DNP- 
glycine on the Celite column and to check that the loss was 
constant over the critical range of concentrations, two 
standard curves were prepared. Samples of a standard 
solution of DNP-glycine containing 60, 120, 300, 500 and 
700 pg. DNP-glycine were analysed by the above procedure, 
each analysis being made in triplicate. There was a linear 
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relationship between concentration and colour density over 
the range 120-500 yg. DNP-glycine (curve A, Fig. 1). A 
second curve was prepared with another set of samples sub- 
mitted to the complete procedure except for passage through 
Celite. Over the range 120-500 ng. DNP-glycine the second 
curve (curve B, Fig. 1) was exactly parallel to the first, i.e. 
the loss was constant over the critical range. Curve A was 
used in all subsequent estimations. 

Reaction of FDNB and glycine. Preliminary experiments 
showed that reaction between FDNB and glycine in 
aqueous NaHCO, was slow and a time/reaction curve was 
accordingly determined. Glycine (38-4 mg.) and L-glutamic 
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Fig. 1. Relationship between concentration and colour 
density of DNP-glycine. [-|—]), before passage of DNP- 
glycine through column. ©—©, after passage of DNP- 
glycine through column. 





acid (192-0 mg.) were dissolved together in water and the 
volume adjusted to 50 ml. Portions of this solution (0-2 ml.) 
were mixed with a 10 % (w/v) solution of FDNB in methanol 
(0-2 ml.) and 6 mg. NaHCO, added. Samples were shaken in 
6 x 0-5 in. test tubes for 12 and 30 min., 1,2 and4hr. At the 
appropriate time, each sample was diluted with water 
(1 ml.) followed by peroxide-free ether (5 ml.). The solutions 
were mixed and the ether layer transferred to a clean tube 
with the aid of a bulb pipette and a rubber teat. The ether 
was washed with three lots of 1 ml. water, the washings 
being added to the main aqueous fraction. This fraction was 
acidified with 3N-HCl (0-5 ml.) and extracted with eight lots 
of 5 ml. ether. The combined ether extracts were evaporated 
to dryness in vacuo without raising the temperature and the 
residues dried rapidly in a vacuum desiccator over P,O;. 
Each sample was finally dissolved in 1-2 ml. CBand analysed 
by the standard procedure. Colour density was plotted 
against time (Fig. 2). Itis apparent from Fig. 2 that reaction 
was complete in about 4 hr. and this was adopted as the 
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standard time. In order to check that the result was inde- 
pendent of the concentration of glycine, a second series of 
experiments was made using a smaller quantity of glycine 
(50 yg.) in a larger volume of reaction mixture (0-5 ml. 
water, 0-5 ml. of 10% methanolic FDNB, 10 mg. NaHCO,). 
Reaction was complete (102% recovery) in 4 hr. 

Estimation of glycine in proteins. A typical analysis is 
reported below. Other results are given in the paper of 
Campbell & Work herewith (Table 2). 

Rabbit milk albumin (7-5 mg.) was hydrolysed for 16 hr. 
at 105° in a sealed evacuated tube with about 0-05 ml. 


0% 


05 


0-4 


03 


02 


01 
0 1 2 3 4 
Time of shaking (hr.) 


Fig. 2. Relationship between time of reaction and intensity 
of colour produced in coupling fluorodinitrobenzene and 
glycine. 


6Nn-HCI. The HCl was removed in a vacuum desiccator over 
KOH and P.O, and the residue diluted to 2 ml. with water. 
Samples (0:5 ml.) were transferred to 15 ml. test tubes and 
shaken for 4 hr. with a mixture of FDNB (0-05 g.), methanol 
(0-5 ml.) and NaHCO, (about 50 mg.). At the end of this 
time the mixture was diluted with water (2 ml.) and the 
extraction procedure described in the previous section 
followed. The mixed DNP-amino-acids were then trans- 
ferred in solvent CB to a Celite column. This solvent-buffer 
system allows ready separation of DNP-glycine. There is 
a fast yellow band containing the DNP-derivatives of the 
aromatic amino-acids, lysine, proline, and the higher homo- 
logues of glycine; this is followed by a clearly separated 
glycine band (R=0-29) and a residual band of serine, 
threonine and the acidic amino-acids remains on the column. 
The glycine band was collected and estimated as indicated 
under Procedure. Three successive samples of hydrolysed 
albumin gave the following results expressed as ‘Spekker’ 
drum readings: 0-36, 0:37, 0:36 (equivalent to 4-55 g. 
glycine/100 g. albumin). 
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Anaerobic and Aerobic Glycolysis in Lactating Mammary Gland 
and in Nervous Tissue 


By C. TERNER 
National Institute for Research in Dairying, University of Reading 


(Received 30 October 1951) 


The stimulating effect of dinitrophenols on respira- 
tion and aerobic glycolysis of tumour slices was 
described by Dodds & Greville (1933, 1934) and has 
since been confirmed by many workers (for reviews 
see Peiss & Field, 1948; Tyler, 1950). 

In a study of the effect of 2:4-dinitrophenol 
(DNP) on the metabolism of lactating mammary 
gland slices (Terner, 1951c), it was observed that the 
addition of 2 x 10-4m-DNP caused marked stimula- 
tion of respiration when pyruvate was metabolized, 
but caused inhibition when glucose was the sub- 
strate. 

In the present paper the results of a study of 
anaerobic and aerobic glycolysis and of the effect of 
DNP on the aerobic metabolism of glucose in 
lactating mammary gland slices and in nervous 
tissue are reported. It was found that under certain 
conditions DNP does not influence the breakdown 
of glucose and the formation of lactic acid in a 
parallel manner. 


Preliminary accounts of part of this work have been 
given to the Biochemical Society (Terner, 1951a, b). 


EXPERIMENTAL 


Material. Mammary gland tissue of lactating rats and 
rabbits was removed immediately after the death of the 
animal and placed in ice-cold saline. Slices cut by the 
method of Stadie & Riggs (1944) were shaken in ice-cold 
saline to remove as much milk as possible, blotted and 
portions of approximately equal wet weight (150-200 mg.) 
were placed in the prepared media in conical Warburg flasks. 
In some experiments the slices were subjected to a pre- 
liminary incubation in saline without added substrates for 
lhr. at 37° in a 100 ml. measuring cylinder aerated by a 
rapid stream of O,, and then treated as above. They are 
referred to as ‘depleted’ tissue (Terner, 1951c). Slices of the 
grey matter of guinea pig brain were cut by the technique of 
Deutsch (1936). Ox retina was prepared as described by 
Terner, Eggleston & Krebs (1950) ; portions of about 100 mg. 
wet weight were weighed and placed in the media in 
Warburg flasks. At the end of the incubation period the 
flasks were cooled in ice water and 1 ml. of 2N-HCl was 
added to the medium (4 ml.). The mammary gland slices 
and portions of retina were removed, washed rapidly in 
distilled water, dried in the steam oven and weighed. 
Portions of the acidified medium were taken for chemical 
analysis. The brain slices were not removed from the medium ; 
the contents of the flask were poured into a small mortar and 


ground to a smooth suspension. Portions of this suspension 
were taken for analysis. The dry weight of the brain slices 
was taken as 20% of their initial wet weight. 

Homogenates. Mammary tissue was homogenized in the 
homogenizer of Folley & Watson (1948), brain in the homo- 
genizer of Potter & Elvehjem (1936). For dry weighty 
determination portions of the homogenates were evaporated 
and dried in the steam oven. 

Saline media. Phosphate saline without calcium (Krebs & 
Eggleston, 1940) or bicarbonate saline (Krebs & Henseleit, 
1932) were used in tissue slice experiments. A reaction 
mixture similar to that described by Potter & Le Page (1949) 
was used for glycolysis in homogenates. 

In most aerobic experiments, substrates and inhibitors 
were placed in the side arm of the Warburg flask and added 
to the medium after an equilibration period of 10-15 min. 
In those cases, the incubation periods given in the tables do 
not include the equilibration period before the addition of 
the substrates. In anaerobic experiments strictly anaerobic 
conditions were maintained by a stick of yellow phosphorus 
in the centre well. 

Analytical methods. Pyruvate was estimated by the 
method of Friedemann & Haugen (1943) after deproteiniza- 
tion with metaphosphoric acid; lactic acid by the method of 
Barker & Summerson (1941) after deproteinization with 
trichloroacetic acid; and glucose according to Nelson (1944). 
Cozymase was estimated spectrophotometrically after 
reduction with ethanol and alcohol dehydrogenase according 
to Kornberg (1950). Fluorimetric estimations of the nico- 
tinamide-ribose fraction of cozymase by the method of Huff 
& Perlzweig (1947) were kindly carried out by Mr D. E. 
Hughes. 

Reagents and preparations. A solution of pyruvic acid was 
kept as a stock solution and neutralized before each experi- 
ment as recommended by Lipschitz, Potter & Elvehjem 
(1938). 

Cozymase preparations used in early experiments were 
samples of about 30 % purity given by Mr D. E. Hughes and 
by Dr H. MclIlwain. Later, a commercial product of 85% 
purity was obtained from Schwarz Laboratories Inc. 
Crystalline alcohol dehydrogenase (Racker, 1950) was a gift 
from Dr E. Racker. 

Hexokinase was prepared from baker’s yeast according to 
Meyerhof (1927). Before each experiment 20 mg. of the 
powder were ground in 2 ml. of distilled water in a glass 
homogenizer (Potter & Elvehjem, 1936) and the insoluble 
matter centrifuged off (see Needham, Siminovitch & 
Rapkine, 1951). The activity of the resulting extract was 
determined by the manometric method of Colowick & 
Kalckar (1943); 0-1 ml. of the solution contained 6-8 hexo- 
kinase units as defined by Berger, Slein, Colowick, & Cori 
(1946). The potassium salts of adenosinetriphosphate 
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Table 1. Effect of pyruvate and nicotinamide on anaerobic glycolysis of rat mammary tissue 


(Rat mammary gland slices incubated in bicarbonate saline at 37°; gas, 5% CO,+95% N,; glucose, 0-01M; pyruvate 


0-005; nicotinamide, 0-01 M.) 


Tissue 
Exp. portion 
no. no. Additions 
1 1 None 
2 Pyruvate 
3 Pyruvate, nicotinamide 
4 Glucose 
5 Glucose, nicotinamide 
6 Glucose, pyruvate 
7 Glucose, pyruvate 
8 Glucose, pyruvate, nicotinamide 
9 Glucose, pyruvate, nicotinamide 
2 1 None 
2 Nicotinamide 
3 Glucose, nicotinamide 
4 Glucose, pyruvate, nicotinamide 
5 Glucose, pyruvate, nicotinamide 


(ATP) and fructose-1:6-diphosphate were prepared from 
commercial barium salts supplied by Schwarz Laboratories 
Inc. 

Units. All metabolic quotients are expressed in the Q 
notation (yl./mg. dry wt./hr.). Quactic acia denotes the rate 
of lactic acid production as determined by chemical estima- 
tion, while Qc, applies to acid formation calculated from 
changes in manometric pressure. 

RESULTS 

Anaerobic glycolysis in mammary gland slices. 
Lactating mammary gland slices of the rat or 
rabbit, incubated with glucose under anaerobic 
conditions, produced lactic acid at slow rates 
(Q68, 2-3). In rat tissue the rate of glycolysis was 
accelerated by the addition of nicotinamide 
(0-01—0-02m) and was further increased and stabil- 
ized by the addition of pyruvate (0-001—0-005m). 
Maximal rates of glycolysis were observed when all 
factors were present in the medium before incuba- 
tion started. Delayed addition of glucose, e.g. after 
10 min. equilibrium in the bath at 37°, or later, 
failed to promote rapid glycolysis even when pyru- 
vate and nicotinamide were present from the start. 

The instability of anaerobic glycolysis in rat 
mammary gland slices is also shown in the results of 
Folley & French (1949), who observed that with 
glucose as the only substrate, the initially high rate 
of glycolysis decreased rapidly after short (approx. 
30 min.) periods of incubation. In the present 
experiments, high rates of glycolysis (Q 63, up to 10) 
could be maintained for prolonged periods (up to 
3 hr.) when glucose, pyruvate and nicotinamide were 
added (Table 1). Cozymase (10-4 to 2-5 x 10-4M), in 
addition to nicotinamide, was no more effective 
than nicotinamide alone. 


Qd8, (ul./mg. dry wt./hr.) during period (min.) 
— 








ee \ 

10-40 40-70 70-100 100-130 10-130 
2-7 1-7 1:3 1-2 1-7 
3-4 2-5 1-9 1-8 2-4 
3-4 2-5 1-8 1-7 2-4 
4:3 2-8 2-5 2-3 3-0 
7-4 53 4-2 3-5 5-2 
6-2 4:8 4-0 3-8 4-7 
4-9 3-8 3-5 3-2 3-8 
8-9 7-5 7-0 6-0 7:3 
8-0 7:3 6-0 5-6 6-7 

Q88, (ul./mg. dry wt./hr.) during period (min.) 

PP > 
10-40 40-70 70-100 100-150 10-150 
2-9 1-6 1-5 1-1 1-6 
2-8 2-2 1:8 1-2 1-8 
4:8 4-1 2-7 2-4 3-1 
8-5 8-2 6-6 5-5 7:3 
10-6 10-5 9-1 8-4 9-4 


In rabbit mammary tissue, however, pyruvate, 
nicotinamide and cozymase were unable to support 
a rate of glycolysis (Q88,) greater than about 3. 


5 


Ld w bf 


Extra CO, evolution (jl./mg. dry wt.) 


= 
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Fig. 1. Effect of nicotinamide on acid production from 
cozymase. Mammary gland homogenate incubated in 
bicarbonate saline at 37°; gas, 5% CO,+95% N,. 
Cozymase, 1-8umoles; nicotinamide, 0-02mM. @—®, 
rabbit tissue (10 mg. dry wt.); O—O, rat tissue (17 mg. 
dry wt.). 


Inactivation of cozymase in mammary tissue. In 
order to compare the effect of nicotinamide on the 
breakdown of cozymase in rat and in rabbit 
mammary tissue, homogenates were incubated in 








— 
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bicarbonate saline under anaerobic conditions and 
the extra acid production due to the decomposition 
of cozymase was measured manometrically as 
described by McIlwain & Rodnight (1949) (Fig. 1). 
Comparison of the manometric data with the 
results of direct estimation of cozymase showed a 
close relationship between the rates of acid forma- 
tion and breakdown of cozymase (Table 2). 
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metrically by the method of Huff & Perlzweig 
(1947). Analysis of the reaction mixtures by the 
methods employed by Kornberg & Lindberg (1948) 
suggests that the pyrophosphatase is also active in 
the mammary gland of the rabbit (Table 3). 

Other factors controlling glycolysis. If the enzymic 
inactivation of cozymase were the only factor 
restricting the breakdown of glucose in rabbit 


Table 2. Breakdown of cozymase by mammary tissue 


(Cozymase, 1-95 pmoles incubated with 1-0 ml. of homogenate (1 g. tissue +7 ml. of water) in bicarbonate saline at 37°; 
gas, 5% CO,+95% N,; nicotinamide, 0-04m.) 


Cozymase Extra 
Source Dry wt./ml. Incubation broken Co, 
of homogenate Flask period down Inhibition evolved Inhibition 

tissue (mg.) no. Inhibitor (min.) (moles) (%) (umoles) (% 

Rat 20-9 1 None 25 1-53 —_ 1-85 — 
2 Nicotinamide 25 0-62 59 0-76 59 
3 None 50 1-88 — 2-95 — 
4 Nicotinamide 50 0-99 47 1-50 56 

Rabbit 17-2 1 None 25 1-53 — 2-45 —_ 
2 Nicotinamide 25 1-26 18 2-01 18 
3 None 50 1-88 — 3-48 — 
+ Nicotinamide 50 1-88 0 3-20 8 


Table 3. Breakdown of cozymase by rabbit mammary tissue 


(Experimental conditions as in Table 2. Cozymase, 2 umoles; nicotinamide, 0-02M. Fluorescence of nicotinamide-ribose 
fraction of cozymase determined according to Huff & Perlzweig (1947).) 


Incubation Cozymase 
Exp. Flask period recovered Fluorescence 

no. no. (min.) Inhibitor (%) % 
1 1 0 None 100 100 
2 20 None 48 80 

3 20 Nicotinamide 53 88 

+ 40 None 20 58 

5 40 Nicotinamide 26 78 

2 1 0 None 100 100 
2 40 None 6 68 

3 40 Nicotinamide 6 82 


In rat mammary tissue, the amounts of acid 
produced were approximately equivalent to the 
amounts of cozymase broken down, as found by 
McIlwain & Rodnight (1949) for nervous tissue. In 
rabbit mammary tissue, however, 1-5-2 moles of 
acid appeared to be produced for every mole of 
cozymase broken down. Nicotinamide (0-01— 
004m) caused 50-80% inhibition of cozymase 
breakdown in rat tissue, but less than 20% in- 
hibition in rabbit mammary tissue. The results thus 
suggest that in the rat the inactivation of cozymase 
is mainly due to a nucleotidase which is inhibited by 
nicotinamide (Mann & Quastel, 1941; Handler & 
Klein, 1942), while in the mammary gland of the 
rabbit cozymase appears to be broken down by 
another enzyme. Kornberg & Lindberg (1948) 
have demonstrated the presence in rabbit kidney of 
an enzyme which hydrolyses the pyrophosphate 
linkage of cozymase leaving intact the nicotinamide- 
ribose moiety which can be determined fluori- 


mammary slices, it should be possible, by adding 
large amounts of cozymase, to increase the rate of 
lactic acid formation during short periods of incu- 
bation. This, however, was not found to be the case. 
Addition of adenosinetriphosphate (0-001M) was 
also without effect. Fructose-1:6-diphosphate, 
however, was broken down to lactic acid more 
readily than glucose, but, as in the case of glucose, 
the addition of pyruvate was necessary. Relatively 
high rates of lactic acid formation were observed in 
the presence of glucose, fructose-1:6-diphosphate, 
pyruvate and cozymase (Table 4). Yeast hexo- 
kinase appeared to have some effect in accelerating 
glycolysis when added to the complete system. Its 
effect was more clearly shown in glycolysing homo- 
genates of mammary tissue in which the rate of lactic 
acid formation could be increased by hexokinase by 
more than 100%. Hexokinase not only accelerated 
the initial rate of glycolysis but, in some experi- 
ments, also checked its decrease with time (Table 5). 
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Table 4. Anaerobic glycolysis in rabbit mammary tissue 


(Rabbit mammary gland slices incubated in bicarbonate saline at 37°; gas, 5% CO,+95% N,. Glucose, 0-005; 
pyruvate, 0-005m; fructose-1:6-diphosphate (HDP), 0-005m; cozymase (Co1), 1-5 x 10-4m; fluoride (0-05m in Exp. 1; 
0-025M in Exp. 2); ATP, 0-001M; hexokinase 0-2 ml.; nicotinamide (0-02M) in all cups. Incubation period: 40 min. in 


Exps. 1 and 2, 60 min. in Exp. 3.) 


Exp. Tissue portion 
no. no. 


1 
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Table 5. Effect of hexokinase on glycolysis in mammary gland and brain homogenates of the lactating rabbit 


(The reaction mixtures (4 ml.) contained: KHCO,, 0-025m: potassium phosphate pH 7-4, 0-0025m; MgCl,, 0-005m; 
nicotinamide, 0-02mM; cozymase (Cot), 2-5 x 10-*m; ATP, 2-5 x 10-4m; glucose, 0-005M; pyruvate, 0-005m; fructose-1:6- 
diphosphate, 0-001 m; 1 ml. homogenate (1 g. tissue + 8 ml. water). Temperature, 37°; gas, 5% CO,+95% N,. In Exp. 1 
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Additions 


Glucose, pyruvate, Cor 
Glucose, pyruvate, Cor, hexokinase 
Glucose, pyruvate, Co1, hexokinase, ATP 


Glucose, pyruvate, Co1, hexokinase, ATP, NaF 


Pyruvate, HDP, Co1 

Glucose, pyruvate, HDP 

Glucose, HDP, Cor 

Glucose, pyruvate, HDP, Cor 

Glucose, pyruvate, HDP, Cot 

Glucose, pyruvate, HDP, Cot, hexokinase 


Glucose, pyruvate, ATP, NaF 
Glucose, pyruvate, Co1, NaF 
Glucose, pyruvate, Co1, ATP, NaF 
Glucose, pyruvate, Co1, ATP 
HDP, pyruvate, Cor 

HDP, pyruvate, Co1, NaF 


Glucose, pyruvate, Cor 

Glucose, pyruvate, Cor 

Glucose, HDP, Co1, hexokinase 

Glucose, HDP, Co1, hexokinase 

Glucose, pyruvate, Co, hexokinase 
Glucose, pyruvate, Co1, hexokinase 
Glucose, pyruvate, HDP, Cot 

Glucose, pyruvate, HDP, Cor 

Glucose, pyruvate, HDP, Cor, hexokinase 
Glucose, pyruvate, HDP, Cot, hexokinase 


the mammary gland and brain tissue are from the same animal.) 


Exp. 
no. Tissue 
1 Mammary gland 
Brain 
2 Mammary gland 


Flask 
no. 


Cawtiow Pw 


1 
2 
3 
4 
5 
6 
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Qiactic acid 
(ul./mg. dry wt./hr.) 
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Amount of 
hexokinase Q86, (ul./mg. dry wt./hr.) during period (min.) 
added c _ ~ 
(ml.) 15-25 25-35 35-50 50-65 15-65 
None 14-9 8-5 6-0 4-2 8-0 
0-05 17-9 10-8 7-6 6-0 93 
0-1 21-7 15-4 11-6 9-6 13-2 
0-2 28-1 23-1 22-0 21-2 22-9 
None 60-0 58-0 36-9 18-5 40-5 
0-05 58-5 55-0 28-6 18-2 36-7 
0-1 62-0 52-0 24-2 18-1 36-7 
0-2 70-6 36-7 26-0 18-7 36-9 
0-3 65-6 29-4 24-7 18-1 32-6 
Qd3, (ul./mg. dry wt./hr.) during period (min.) 
. YY 
7 10-20 20-30 30-45 45-60 10-60 
None 26-7 12:3 9-1 7-0 12-6 
0-05 32-0 14-9 12-0 9-0 15-7 
0-1 35-1 19-6 14-6 12-2 18-6 
0-15 37:7 22-2 18-2 15-9 22-1 
0-2 40-0 24-9 20-9 16-9 24-2 
0-30 42-1 26-9 21-0 17-3 25-1 





a 
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The addition of insulin (2-5 mg./100 ml.) and of 
DNP (10-*m) had no effect on the rate of glycolysis 
in the absence or presence of hexokinase. On the 
other hand, in brain homogenates of lactating and 
non-lactating rats and rabbits, no comparable 
acceleration of glycolysis was observed on addition 
of hexokinase; in some brain homogenates inhibi- 
tion of glycolysis was probably the result of the 
disturbing effect of large amounts of added hexo- 
kinase on the balance of enzymes within the glyco- 
lytic system (see Meyerhof & Wilson, 1949). 
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respiration of mammary gland slices metabolizing 
glucose, although it greatly increases the respiration 
in the presence of pyruvate. To investigate this 
further, the effect of DNP on the metabolism of 
glucose and pyruvate was studied by chemical 
analysis of the principal metabolites involved. An 
experiment in which depleted mammary tissue of 
the rabbit was used is shown in Table 6. DNP 
(2x 10-*m) almost completely inhibited glucose 
breakdown and reduced the respiration to the endo- 
genous level (cup 5). The addition of pyruvate 


Table 6. Effect of cozymase and 2:4-dinitrophenol on metabolism of lactating mammary tissue 


(Depleted rabbit mammary gland slices, incubated at 37° in phosphate saline without Ca (Krebs & Eggleston, 1940). 
Gas, 100% O,; fumarate (0-002) in all cups. Additions: pyruvate 0-005m; glucose, 0-005m; nicotinamide, 0-01™; 
cozymase (Co1), 2-5 x 10-*m; DNP, 2 x 10-‘m. Incubation period: 80 min. Qjactic acia Corrected for lactic acid formed in 


absence of added substrates.) 


Tissue 
portion 

no. Additions 

1 None 

2 Pyruvate 

3 Pyruvate, DNP 

4 Glucose 

5 Glucose, DNP 

6 Glucose, nicotinamide, Cor 

7 Glucose, nicotinamide, Co1, DNP 

8 Glucose, pyruvate 

9 Glucose, pyruvate, nicotinamide, Cot 

10 Glucose, pyruvate, nicotinamide, DNP 

1] Glucose, pyruvate, nicotinamide, Co1, DNP 


Qo, Q pyruvate Q sincose Qriactic acid 
(pl./mg. (ul./mg. (pl./mg. (pl./mg. 

dry wt./hr.) dry wt./hr.) dry wt./hr.) dry wt./hr.) 
2:3 its — ain 
-4-0 -5-8 — 0-3 
-11:8 -6-9 — 0-6 
— 5-2 — -2-0 0-3 
— 2-8 — -0-3 0-7 
- 6-2 — -1-8 0-4 
—3-2 — -0-1 0-3 
-6-3 —5:8 -15 1-0 
-6-7 -6-1 -13 1-6 
-8-8 -4-7 -0-8 1-4 
-10-1 -5-7 —1-4 3-3 


Table 7. Effect of 2:4-dinitrophenol on glycolysis in lactating mammary gland slices 


(Rat mammary gland slices incubated at 37° in bicarbonate saline. Fumarate, 0-02M, in all aerobic cups. Glucose, 
0-005m; pyruvate, 0-005m; nicotinamide, 002m; DNP, 5 x 10-'m. Incubation period: 70 min.) 


Tissue 
portion 
no. Additions 
1 None 
2 Glucose 
3 Glucose, nicotinamide 
+ Glucose, DNP 
5 Glucose, nicotinamide, DNP 
6 Glucose, pyruvate, nicotinamide 
7 Glucose, pyruvate, nicotinamide, DNP 
8 Glucose, nicotinamide 
9 Glucose, pyruvate, nicotinamide 


The results of chemical determination of lactic 
acid produced by homogenates agreed closely with 
the manomeiric data. In experiments with tissue 
slices, however, in which the rate of lactic acid 
production was relatively slow, the additional 
evolution of gas resulting from the decomposition of 
added unstable substances and from side reactions 
introduced large errors which made the manometric 
measurement of glycolysis impossible and lactic acid 
was in those cases determined chemically. 

Effect of DNP on aerobic glycolysis in mammary 
gland slices. As previously reported (Terner, 1951c), 
DNP in high concentration (2 x 10-4) inhibits the 


Q gtucose Q pyruvate Qractic acid 
Experimental (pl./mg. (ul./mg. (ul./mg. 
conditions dry wt./hr.) dry wt./hr.) dry wt./hr.) 
Aerobic — — 0-7 
Aerobic -43 -—- 0-7 
Aerobic —4-2 —— 0-6 
Aerobic — 2-6 — 2-4 
Aerobic —2-8 _ 2-8 
Aerobic -2-9 -5°8 1-6 
Aerobic —1-6 — 6-4 2-4 
Anaerobic —3-4 _- 6-1 
Anaerobic -4:7 —2-2 10-7 


partly restored the breakdown of glucose and also 
caused accumulation of lactic acid (cup 10) which 
was greatly accelerated by the further addition of 
cozymase (cup 11). High rates of lactic acid forma- 
tion were thus dependent on the presence of 
pyruvate, cozymase and DNP, and could not be 
maintained when one of those factors was omitted. 

Although under those conditions lactic acid 
formation could be greatly increased, the rate of 
glucose breakdown was not accelerated. The results 
suggested that aerobic lactic acid formation could, 
under certain conditions, be increased without a 
corresponding increase and even with some inhibi- 
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tion of glucose breakdown. Owing to the relatively 
low rates of glucose utilization in rabbit tissue, the 
experiments were repeated under conditions in 
which larger changes could be observed in the 
amounts of glucose metabolized. Rat mammary 
gland slices were incubated in bicarbonate saline 
without a preceding depletion period (Table 7). 
A large increase in aerobic lactic acid formation was 
observed on addition of DNP (5 x 10-5m) while the 
breakdown of glucose was inhibited. In fresh rat 
mammary slices, in contrast to depleted rabbit 
tissue, the addition of pyruvate, cozymase or nico- 
tinamide was not required under aerobic conditions. 
DNP had no effect on glycolysis under anaerobic 
conditions. 


Table 8. Effect of 2:4-dinitrophenol on aerobic 
glycolysis in retina 
(Ox retina incubated in bicarbonate saline at 37°; gas, 
5% CO,+95% O,. All cups contained glucose (0-005m) 
and L-glutamate (0-001Mm). Incubation period: 80 min.) 


Tissue Dee Qiactic acid 
portion Conen.of DNP (yl./mg.dry (yl./mg. dry 
no. (M) wt./hr.) wt./hr.) 

1 0 -11 17 
2 2x 10-5 -14 22 
3 5x 10-5 -21 32 
4 2x 10-4 — 26 43 


Experiments on other tissues. No inhibitory effect 
of DNP in the range of concentrations used (2 x 10-5 
to 2x10-*m) was observed during a study of 
aerobic glycolysis in retina, brain or in bull sper- 
matozoa (see Melrose & Terner, 1951). In retina 
increasing concentrations of DNP accelerated both 
glucose breakdown and lactic acid formation by 
approximately equivalent increments (Table 8). In 
brain tissue the highest rates of glucose breakdown 
and lactic acid formation were observed when 
glutamate, nicotinamide, cozymase and DNP were 
added at the same time. Omission of glutamate, 
cozymase or of DNP resulted in a relatively low rate 
of aerobic glycolysis (Tables 9 and 10). 

The known effects of glutamate in increasing 
aerobic lactic acid formation and of pyruvate in 
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reversing the inhibition by glutamate of anaerobic 
glycolysis in brain slices (Weil-Malherbe, 1938) were 
also shown in these experiments. The prevention by 
nicotinamide of the enzymic destruction of cozy- 
mase in brain tissue has been shown to increase 
aerobic glycolysis (McIlwain, 1950). In the present 
experiments the addition of DNP, glutamate and 
cozymase could more than double the highest rates 
of aerobic lactic acid formation observed in the 
presence of glutamate and cozymase alone. In brain 
slices in the presence of glutamate, cozymase and 
DNP, the rate of glucose breakdown (Qgiucose) Under 
aerobic conditions reached the level observed under 
anaerobic conditions, i.e. the Pasteur effect was 
completely inhibited (Table 10). 


Table 9. Effect of cozymase and 2:4-dinitrophenol on 
aerobic lactic acid formation in brain tissue 


(Guinea pig brain cortex slices incubated in bicarbonate 
saline; gas, 5% CO,+95% O,. Complete system: pyru- 
vate, 0-005m; glucose, 0-005m; tL-glutamate, 0-01m; 
nicotinamide, 0-02m; cozymase (Cot), 1-25 x 10-*m; DNP, 
10-*m. Incubation period: 80 min.) 


Tissue Q tactic acid 
portion (ul./mg. 
no. Experimental conditions dry wt./hr.) 
1 Complete system 15-7 
2 No DNP 8-9 
3 No nicotinamide, no Cor 9-9 
4 No glutamate 6-3 
5 No glutamate, no DNP 5-5 
6 No glutamate, no nicotinamide, 4-9 


no- Cor 


Origin of lactic acid formed under the influence of 
DNP. In view of the inhibitory effect of DNP on 
aerobic glucose breakdown in mammary tissue the 
question arises of the mechanism by which the in- 
creased amounts of lactic acid are formed. 

It is conceivable that the extra lactic acid might 
be formed by the reduction of pyruvic acid, as a 
result of the inhibition by DNP of its oxidative 
removal. This is, however, not the case in mammary 
tissue, where DNP does not decrease Qpyrvate and 
does not increase lactic acid formation from 
pyruvate (see Terner, 1951c). Similarly, in brain 


Table 10. Effect of 2:4-dinitrophenol on glycolysis in brain tissue 


(Guinea pig brain cortex slices incubated in bicarbonate saline at 37°. Glucose, 0-005M; pyruvate, 0-005 m; L-glutamate, 
0-005m; DNP, 2 x 10-¢m; nicotinamide, 0-02m added with cozymase (Cot), 5 x 10-5m. Incubation period: 60 min.) 


Tissue 
portion 

no. Additions 

1 Glucose, glutamate 

2 Glucose, glutamate, DNP 

3 Glucose, glutamate, Co1, DNP 

4 Glucose, glutamate, pyruvate, Cor 

5 Glucose, glutamate, pyruvate, Co1, DNP 

6 Glucose, pyruvate, Cor 

7 Glucose, glutamate, pyruvate, Cor 


oe Q yruvate Qiactic acid 
Experimental (pl./mg. ( uLjmg. (pl./mg. 
conditions dry wt./hr.) dry wt./hr.) dry wt./hr.) 
Aerobic -3°5 — 5-4 
Aerobic —6°5 — 9-2 
Aerobic -83 — 12-2 
Aerobic -3:°8 -49 5-2 
Aerobic = -—4-0 12-5 
Anaerobic -78 -1-1 16-2 
Anaerobic — 8-4 -3-7 16-0 
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tissue, under aerobic conditions DNP does not 
stimulate the reduction of pyruvate to lactate 
(Table 11). The increased disappearance of pyruvate 
in the presence of glutamate shown in Table 11 is 
probably due to transamination and can also be 
observed under anaerobic conditions (Table 10). 


Table 11. Effect of 2:4-dinitrophenol on metabolism 
of pyruvate in brain tissue 


(Guinea pig brain cortex slices incubated in bicarbonate 
saline at 37°. Gas, 5% CO,+95% O,. Pyruvate, 0-005m; 
L-glutamate, 0-OlmM; DNP, 10-*m. Incubation period: 


65 min.) 
Tissue Q pyruvate Q tactic acid 
portion (ul./mg. (ul./mg. 
no. Additions dry wt./hr.) dry wt./hr.) 
1 None — <0-5 
2 Pyruvate — 5-2 2-1 
3 Pyruvate, DNP -5-9 1-6 
4 Pyruvate, glutamate -75 2-4 
5 Pyruvate, glutamate, DNP -7-9 2-4 


DISCUSSION 
Factors controlling glycolysis in mammary tissue 


Breakdown of cozymase. Nicotinamide, which in 
rat mammary tissue inhibits the breakdown of 
cozymase, is almost ineffective in mammary tissue 
of the rabbit. Diphosphopyridine nucleotidase, 
which is specifically inhibited by nicotinamide 
(Handler & Klein, 1942), therefore appears to be the 
main cozymase-splitting enzyme in rat mammary 
tissue. Evidence has been presented suggesting that 
in the mammary gland of the rabbit the destruction 
of cozymase is catalysed mainly by the diphospho- 
pyridine pyrophosphatase of Kornberg & Lindberg 
(1948). This difference in the enzymic composition 
of the mammary glands of the two species studied 
may at least partly explain the inability of rabbit 
mammary tissue to break down glucose, even in the 
presence of added cozymase, at rates comparable 
with those attained by rat mammary tissue. In rat 
mammary gland slices high rates of anaerobic 
glycolysis can be maintained by nicotinamide with- 
out added cozymase, and under aerobic conditions 
the addition of nicotinamide is unnecessary 
(Table 7). 

The hexokinase reaction. Higher rates of lactic 
acid formation from hexosediphosphate than from 
glucose have been observed in cell-free extracts and 
homogenates (Ochoa, 1941; Utter, Wood & Reiner, 
1945). It has been pointed out by Utter et al. (1945) 
that under those conditions ‘phosphatase activity 
may be greater than the hexokinase activity so that 
little phosphorylation of glucose could occur’. 
Meyerhof & Wilson (1949) have shown that the rate 
of glycolysis in tumour homogenates and extracts 
depends on the balance between the activities of 
hexokinase and adenosinetriphosphatase. Tissue 
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slices, however, represent a relatively balanced 
system and anaerobic glycolysis can usually be 
maintained at high rates with glucose as the 
only added substrate. The observations that in 
mammary gland slices hexosediphosphate could 
give rise to higher rates of lactic acid formation than 
could glucose, and that added hexokinase could 
further accelerate glycolysis in slices and in homo- 
genates of mammary tissue, suggest that the rate of 
glycolysis in this tissue may be limited by a rela- 
tively slow hexokinase reaction. Meyerhof (1927) 
found that the formation of lactic acid from glucose 
in muscle extracts was facilitated by the addition of 
yeast hexokinase and attributed this to the lability 
of muscle hexokinase. Brain hexokinase, on the 
other hand, was found to be relatively stable 
(Meyerhof & Wilson, 1949). The present experiments 
(Table 5) accordingly point to an unstable or de- 
ficient hexokinase in mammary tissue. This may be 
expected, since the lactating mammary gland is 
under the influence of anterior pituitary and 
adrenal cortical hormones (see Folley, 1950), which 
have been shown to inhibit the hexokinase reaction 
(Cori, 1950). However, added hexokinase did not 
stimulate glycolysis in brain homogenates of 
lactating and non-lactating rabbits and rats. No 
conclusions are drawn from the present results 
regarding a hormonal inhibition of the hexokinase 
reaction in mammary tissue, a question which 
remains a subject for further study. 

Effect of pyruvate on glycolysis. Pyruvate has 
long been known to have a stimulating effect on 
anaerobic glycolysis (Mendel, Bauch & Strelitz, 
1931; Elliott & Henry, 1946). According to 
Meyerhof & Wilson (1949) pyruvate produces a 
stimulating effect on lactic acid formation by facili- 
tating the dismutation between pyruvate and 
triosephosphate in cases in which the formation of 
pyruvate from glucose is inhibited owing to damage 
of the enzymes which transform 3-phosphoglyceric 
acid to pyruvic acid. In the present experiments 
pyruvate is shown to accelerate and stabilize 
anaerobic glycolysis in rat and rabbit mammary 
gland slices (Tables 1 and 3). In depleted mammary 
gland slices incubated with glucose, pyruvate also 
increases aerobic lactic acid formation, especially in 
the presence of DNP and cozymase (Table 6). 


Aerobic glycolysis and Pasteur effect 


Accumulation of lactic acid under aerobic condi- 
tions. The balance sheets presented in this paper 
show that, as is to be expected, the rate of aerobic 
lactic acid formation is the resultant of the relative 
rates of glucose breakdown and pyruvate oxidation. 
In mammary tissue pyruvate is oxidized as fast as it 
can be formed from glucose, and therefore lactic 
acid does not accumulate (Tables 6 and 7). In 
nervous tissue (Tables 9 and 10) and in spermatozoa 
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(Melrose & Terner, 1951) in which the glycolysing 
power of the tissue exceeds its capacity to oxidize 
the breakdown products of glycolysis, lactic acid is 
formed by reduction of the excess pyruvate. Thus, 
the predominance of the glycolytic over the oxi- 
dative capacity of a tissue will tend to produce the 
conditions associated with tissues which have a 
high aerobic glycolysis, i.e. high rates of glucose 
breakdown and accumulation of lactic acid. In 
tissues such as the mammary gland, in which the 
oxidative capacity is high in relation to their glyco- 
lytic power, the rapid aerobic re-oxidation of re- 
duced cozymase at the triosephosphate level will 
prevent the functioning of the oxidation-reduction 
step and pyruvate, even if added in excess, will not 
be reduced to lactic acid (Tables 6 and 7). 

The above remarks are based on a scheme which 
explains the Pasteur effect in terms of a competition 
between oxygen and pyruvate for the hydrogen of 
reduced cozymase (Ball, 1939). This scheme, 
modified by the above considerations relating to the 
variations in the balance of the glycolytic and oxi- 
dative powers of different tissues (see also Warburg, 
Posener & Negelein, 1924), appears to be in agree- 
ment with most experimental observations reported 
in this paper. It is therefore used as a working 
hypothesis regarding the mechanism of the Pasteur 
effect under the present experimental conditions. 

Inhibition of the Pasteur effect by DNP. In tissues 
with a high aerobic glycolysis, e.g. cerebral cortex 
(in presence of glutamate) and retina, which show 
a relatively small Pasteur effect for the reasons 
outlined above, DNP further increases glucose 
breakdown and lactic acid formation. In mammary 
tissue, however, DNP in concentrations which 
produce stimulation of glycolysis and lactic acid 
formation in other tissues (Tables 6 and 7), causes 
inhibition of glucose breakdown. Nevertheless, 
lactic acid formation can be greatly increased by 
concentrations of DNP inhibitory to glucose 
breakdown, even in depleted mammary tissue with 
low glycolytic activity, provided cozymase and 
pyruvate is added. No explanation is offered for the 
inhibitory effect of DNP on the breakdown of 
glucose in mammary tissue in contrast to its acceler- 
ating effect in other tissues. However, it would 
appear that the increased accumulation of lactic 
acid caused by DNP is not due to its simply acceler- 
ating the rate of carbohydrate breakdown. 

Since the Pasteur effect is defined as the action of 
oxygen in diminishing carbohydrate breakdown 
and in-accelerating- lactic acid accumulation (see 
Dixon, 1937) it may be argued that, although DNP 
inhibits the Pasteur reaction in nervous tissue, it 
does not do so in mammary tissue in which it does 
not increase glucose breakdown concomitantly with 
lactic acid formation. In fact, since under the 
experimental conditions of Table 7 the rates of 


glucose breakdown under anaerobic and _ aerobic 
conditions in the absence of DNP are of the same 
order of magnitude (cups 2, 3 and 9), there is, from 
the point of view of carbohydrate breakdown, no 
Pasteur effect in mammary tissue. On the other 
hand, it has generally been considered sufficient, in 
studies of the Pasteur reaction, to compare the rates 
of aerobic and anaerobic lactic acid formation (see 
Burk, 1939). Accordingly, had the present investi- 
gations been based on measurements of lactic acid 
production alone, it might have been inferred that 
mammary tissue exhibits a considerable Pasteur 


effect (e.g. Folley & French, 1949), and theincreased - 


accumulation of lactic acid under the influence of 
DNP might have led to the conclusion that the 
breakdown of glucose was also accelerated, i.e. that 
the Pasteur effect was inhibited. Various authors 
have calculated the rates of aerobic carbohydrate 
breakdown from manometric data of respiration and 
acid production (see Dixon, 1937; Dickens, 1951). 
In those calculations the complete oxidation of the 
substrate was assumed. Although that method may 
be applicable to many tissues, it would produce 
erroneous results in others; e.g. in mammary tissue 
(Terner, 1951c), and in spermatozoa (Melrose & 
Terner, 1951), where ratios of oxygen/substrate 
were found to be low and to be altered by DNP. The 
direct determination of the metabolites involved is 
therefore to be preferred in such studies. 


SUMMARY 


1. Anaerobic and aerobic glycolysis in mammary 
tissue has been studied and compared with glyco- 
lysis in nervous tissue. The rates of phosphorylation 
of glucose and of pyruvate formation, and the 
enzymic inactivation of cozymase were found to 
limit the rate of anaerobic lactic acid formation in 
mammary tissue. 

2. In the presence of glucose, pyruvate and 
nicotinamide, high rates of anaerobic glycolysis 
(Q tactic acia @Pprox. 10 ul./mg. dry wt./hr.) could be 
maintained in rat mammary gland slices for 
periods up to 3 hr.; when pyruvate or nicotinamide 
were omitted low rates of glycolysis were observed 
(Qtactic acia 2-3). Mammary gland slices of the rabbit, 
in the presence of glucose, pyruvate, nicotinamide 
and cozymase produced lactic acid at rates > 
Q iactic acia APPTOX. 3. , 

3. The enzymic decomposition of cozymase m 
homogenates of rat mammary tissue was strongly 
inhibited by nicotinamide (0-01—0-04m). In mam- 
mary tissue of the rabbit, however, nicotinamide 
was almost ineffective in preventing the destruction 
of cozymase. In rabbit mammary tissue, in contrast 
to rat tissue, the breakdown of cozymase appears to 
be catalysed by the diphosphopyridine pyrophos- 
phatase shown by Kornberg & Lindberg (1948) to 
occur in rabbit kidney. 
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4. In rabbit mammary gland slices, fructose- 
1:6-diphosphate in the presence of pyruvate and 
cozymase gave rise to higher rates of anaerobic 
lactic acid formation than glucose. The addition to 
this system of glucose and of yeast hexokinase 
could further increase the rate of glycolysis. In 
glycolysing homogenates the formation of lactic acid 
was accelerated by more than 100 % on addition of 
hexokinase. The possibility of hormonal inhibition 
of the hexokinase reaction in lactating mammary 
tissue is considered. 

5. Under aerobic conditions, 2:4-dinitrophenol 
(DNP) increased glucose breakdown and lactic acid 
formation in brain cortex slices and in retina in a 
parallel manner. In brain slices, in the presence of 
glucose, glutamate and cozymase, DNP increased 
the aerobic rate of glucose breakdown to its anaero- 
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bic level, thus completely inhibiting the Pasteur 
effect. In mammary gland slices, however, lactic 
acid formation could be increased without a corre- 
sponding acceleration of glucose breakdown and 
even with some inhibition. In ‘depleted’ mammary 
tissue, DNP caused increased accumulation of 
lactic acid when glucose, pyruvate and cozymase 
were present. In the absence of added pyruvate 
or cozymase, this increase was much smaller or 
absent. 

6. The effect of DNP on the Pasteur reaction is 
discussed. 


1 wish to thank Dr S. J. Folley, F.R.S., for his interest in 
this work and Prof. F. Dickens, F.R.S., for kindly reading 
the manuscript. My best thanks are due to Mr D. E. Hughes, 
Dr H. Mcllwain and Dr E. Racker for gifts of reagents and 
to Mr D. E. Hughes for fluorimetric estimations. 
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The quantitative micro-analysis of a mixture of 
ammonia and the methylamines is difficult. A 
number of colorimetric and other methods exist for 
the estimation of individual amines, but until 
recently the only comprehensive scheme (Reay, 
1937) depended on the separate analysis of several 
portions of the mixture after selective precipitation 
or destruction of one or more of the components—a 
rather lengthy procedure. Partition chromato- 
graphy is a promising technique for such a problem 
and has been used by Fuks & Rappoport (1948) with 
n-butanol-water as the phase pair, on a column of 
starch mixed with calcium hydroxide. The amines 
were run as the free bases and were estimated by 
continuous titration of the effluent from the column. 
The four amines could be separated from one 
another but some losses by volatilization occurred 
during application of the bases to the column. 
Lagerkvist (1950) separated ammonia and methyl- 
amine on a starch column with n-propanol-aqueous 
hydrochloric acid as the solvent system, the posi- 
tions of the zones being determined by treatment of 
the eluate with ninhydrin. The recoveries obtained 
were not stated. 

The success which attended the use of gas-liquid 
partition chromatography in the quantitative 
micro-analysis of the volatile fatty acids (James & 
Martin, 1952) suggested its application to the 
analysis of mixtures of volatile bases. A procedure 
for the separation of ammonia, methylamine, di- 
methylamine and trimethylamine is given here; the 
application of the method to the separation of other 
aliphatic and of cyclic bases is described in the 
following paper (James, 1952). 

By use of the same general technique as described 
for the fatty acids, ammonia and the three methyl- 
amines may be separated on kieselguhr columns 
containing a mixture of hendecanol (5-ethylnonan- 
2-ol) and liquid paraffin as the liquid phase, at a 
temperature of 78-6°, with only a very slight overlap 
of the zones of the three methylamines (Fig. 4). The 
amines emerge from the column in the order of their 
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boiling points (ammonia —33-4°, methylamine 
— 6-5°, trimethylamine 3-5°, dimethylamine 7-4°), 
It was found that the kieselguhr used as the support 
for the liquid phase was not inert and adsorbed the 
amines producing a tail on each zone. Pretreatment 
of the kieselguhr with methanolic sodium hydroxide 
prevented most of this adsorption, though enough 
still occurred to make the zones markedly asym- 
metric (Fig. 4, curve B). No means of overcoming 
this residual adsorption has yet been found. 

The corrected retention volume (V% as defined by 
James & Martin, 1952) is a measure of the free 
energy of association between solute and the liquid 
phase, both hydrogen bonding and van der Waals 
forces contributing to this energy of association. 
The van der Waals forces increase with the number 
of N-methyl groups but each successive group 
contributes less; the hydrogen-bonding forces vary 
in a way which in detail is unpredictable. A rough 
estimate of the van der Waals forces can be obtained 
from the behaviour of the methylamines on a 
column having liquid paraffin as the stationary 
phase, no hydrogen bonding with this solvent being 
possible (Table 1). The relative hydrogen-bonding 
power of the methylamines might be expected to 
run parallel with the order of their basic strengths 
(dimethyl > methyl > trimethyl > ammonia). Where 
hydrogen-bonding is possible between solute and 
solvent (e.g. hendecanol) the order expected from 
the hydrogen-bonding is different from that ex- 
pected from van der Waals forces (trimethyl> 
dimethyl> methyl). The actual order in which the 
amines will emerge from a column will depend on the 
relative contributions of the two forces. The factors 
governing the boiling point sequence are the same as 
those governing retention-volume sequence in so far 
as the pure amine constitutes a solvent of properties 
similar to the liquid phase used on the column. The 
retention volume of the trimethylamine in a solvent 
containing hydroxy] groups is greater than would be 
expected from the boiling point, since hydrogen 
bonding between the nitrogen atoms in the pure 
amine is not possible. With hendecanol or hende- 
canol-15 % (v/v) liquid paraffin as the liquid phase, 
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hydrogen bonding is important and the amines 
emerge in the order of the boiling points. When the 
hendecanol content is reduced (e.g. to 50% hende- 
canol-liquid paraffin) the amount of hydrogen 
bonding is decreased and the van der Waals forces 
exert a greater effect on zone order. The trimethyl- 
amine zone now coincides with the dimethylamine 
zone (Fig. 5, curve A). With a liquid phase of 
paraffin alone the trimethylamine zone comes after 
the dimethylamine zone, but the difference is in- 
sufficient to allow a useful separation on a 4 ft. 
column (see Table 1), possibly because of the 
relatively greater adsorption of dimethylamine on 
the kieselguhr. 

In a more polar solvent such as glycerol, the 
bonding energy between the glycerol molecules is 
greater than that existing between the glycerol and 
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investigated and the results of Cromwell (1950) have 
been confirmed, only ammonia and trimethylamine 
being found (Fig. 6). 


EXPERIMENTAL 


Preparation of the columns. Celite 545 was size graded, 
ignited and acid-washed as described by James & Martin 
(1952). Before use it was treated with 5% (w/v) methanolic 
NaOH, decanted and the wet kieselguhr oven-dried at 100°. 
It was stored in a desiccator over solid NaOH. The liquids 
used as stationary phases were the following: hendecanol 
(5-ethylnonan-2-ol, supplied by General Metallurgical and 
Chemical Ltd., 120 Moorgate, London, E.C. 2), liquid 
paraffin B.P., DC 550 silicone (Midland Silicones Ltd.) and 
glycerol. The liquid phase was added to the kieselguhr in the 
ratio of 3 g. of liquid phase to 7 g. of kieselguhr and the two 
thoroughly mixed and packed into a 4 ft. 4 mm.-internal- 


Table 1. Relative retention volumes of the methylamines 


(Volumes are relative to that of NH,, taken as 1.) 


Liquid phase Temp. 

% vI¥) CH,NH, (CH;);N (CH;).NH (°) 
Hendecanol 3-4 4-2 5-2 78-6 
Hendecanol-15 % liquid paraffin 3-6 4-6 5-8 78-6 
Hendecanol-50% liquid paraffin 4-2 75 7-5 65 
Liquid parafiin-33% hendecanol 3-8 6-8 6-8 65 
Liquid paraffin 1-65 2-7 2-7 78-6 
Glycerol 2-5 0-47 Approx. 1 100 
Silicone DC550-10% hendecanol 1-33 0-36 0-78 65 


Table 2. Conditions recommended for chromatography of amine mixtures 


Amine mixture 


Ammonia, mono-, di- and tri-methylamines 
Ammonia, mono- and di-methylamines ) 
Ammonia, mono- and tri-methylamines } 
Ammonia, di- and tri-methylamines 

Mono, di- and tri-methylamines 


amine molecules, the effect being analogous to a 
high internal pressure forcing out the molecules of 
higher mol.wt. The order of emergence with a liquid 
phase of glycerol is thus trimethylamine, dimethy]l- 
amine, methylamine (Fig. 5, curve B). Unfortu- 
nately, the effect does not delay the emergence of 
the ammonia zone enough to prevent it overlapping 
the dimethylamine zone; presumably this is due to 
the low basic strength of ammonia. Such a column is 
therefore useless for resolution of all four bases. 
A similar effect is observed with a liquid phase con- 
sisting of DC 550 silicone-10 % hendecanol (Table 1). 

Where mixtures of only three of the four amines 
are encountered, advantage can be taken of parti- 
cular liquid phases. Table 2 shows those recom- 
mended for different amine mixtures. As a test of 
the method the amines occurring free in Cheno- 
podium vulvaria L. (stinking goosefoot) have been 


Temp. 
Liquid phase (°) 
Hendecanol-15 % (v/v) liquid paraffin 78-6 
Hendecanol-50 % liquid paraffin 78-6 
Hendecanol 78-6 
Glycerol or silicone DC550-10% hendecanol 100 
65 


diameter column of the type described by James & Martin 
(1952). The column efficiencies are of the order of 650 plates, 
under the conditions of flow rate and temperature shown in 
Fig. 4. 

Burettes. The apparatus used was that described by 
James & Martin (1952), the titrations being carried out 
automatically with 0-04N-H,SO, using 0-007% (w/v) 
aqueous methyl red solution in the titration cell. Whilst the 
recording burette is a great convenience, any burette 
capable of delivering known constant volumes gives 
perfectly satisfactory results. The titration is then carried 
out by supplying to the titration cell a certain amount of 
acid, the time required for its neutralization is noted and a 
further addition of the same amount of acid is made. (More 
dilute indicator solution is preferable with this method.) 
This proves to be easier than reading the burette at constant 
time intervals. A curve of total acid delivered against time 
is plotted, the height of each step giving the amount of each 
component. Three types of suitable burette are illustrated 
in Figs. 1-3. The first (Fig. 1a) consists simply of a small 
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Erlenmeyer flask, containing the acid, fitted with an inlet 
and outlet tube. By squeezing the rubber tube fitted to the 
inlet a drop of acid can be formed on the outlet tube and any 
number of these drops can be rapidly delivered to the 
titration cell. The drop size is constant and can be cali- 
brated; the number of drops added to the titration cell to 
keep the solution near the end point can readily be followed. 


a Micropipette 


Rubber sleeve 





(a) 


Fig. 1. (a) Dropping burette. (b) Microcolumn for libera- 
tion of the amines from solutions of their salts. 


The second (Fig. 2) uses a screw passing through a nut and 
a cork gland kept in place by sealing wax at the end of the 
burette. As the screw is rotated by the handle it passes 
into the burette and the acid is displaced into the titration 
cell. By counting the number of turns of the screw the total 
amount of acid delivered is readily ascertained. As glass 
taps have been found to be unserviceable for long periods 
because of leakage, the rubber-glass rod valves described by 
James & Martin (1952) are used. The burette is readily filled 


he id 
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by closing the valve leading to the cell and opening the one 
leading to the acid reservoir, and winding back the screw. 
The burette illustrated in Fig. 3 is one which uses the 
micrometer from an ‘Agla’ microsyringe (Burroughs 
Wellcome Ltd.). This type of burette is only suitable when 






flowmeter 


End of 
vapour 
jacket 





Column 






Capillary 
restriction : 
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Mercury 







Rubber 
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Counter- 
balance 


VTo reservoir 
Fig. 3. Micrometer burette and titration cell. 
there is a long time interval between the emergence of 
successive zones. The end of the micrometer barrel is held 


firmly in the glass tubing by a rubber sleeve. Rotation of the 
micrometer displaces mercury which in turn forces acid into 
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Fig. 2. Screw burette. A, screw (2BA thread); B, sealing wax; C, nut; D, cork; E, valves. 
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the titration cell. The taps A and B are not essential, but 
enable the initial filling of the burette and removal of air to 
be performed more easily. The mercury is then adjusted to 
a suitable level by manipulation of tap A. Tap C could 
perhaps be replaced with advantage by the rubber-glass rod 
valves previously described. The moving scale on the micro- 
meter is divided into hundredths, and can be estimated to 
one-tenth of a division; with 0-1 N-acid in the burette, a 
noticeable change in colour of the indicator is observed for 
a movement of one- or two-hundredths of a rotation. The 
scale remains in an almost constant position beneath the 
titration cell, so that the two may be watched simultaneously 


Tangent of slope 





bg-equiv. base 


0 10 20 30 40 
Time (min.) 


Fig. 4. The separation of ammonia, mono-, tri- and di- 
methylamines. Curve A: experimental curve; curve B: 
curve obtained by graphical differentiation of experi- 
mental curve, showing slight tailing of zones. Column 
length, 4ft.; liquid phase, hendecanol-15% liquid 
paraffin (v/v); temp., 78-6°; flow rate of nitrogen, 5 ml./ 
min.; nitrogen pressure, 65 mm. Hg. 


and readings taken every half min. It is more convenient to 
operate the burette with the left hand in order to have the 
right free for recording the results, though the scale marked 
on the micrometer is then inverted. The burette is filled by 
reversing tap C and winding back the micrometer. 

Liberation of the free bases from the amine salts. Application 
of the free amine bases in aqueous solution to the column 
leads to bad separations and so the following technique has 
been devised. 

A small vertical column terminating in a short horizontal 
capillary (Fig. 15) is filled with dry soda lime (50 mesh) and 
a very small plug of glass fibre packed on top of the filling. 
This extraction column is attached by a piece of pressure 
tubing to the chromatogram held in the vapour jacket, the 
dead space at the end of the chromatogram tube being 
filled by a suitable length of loosely fitting glass rod. 
Approx. 0-8N solution (total amines) (0-05 ml.) of the amine 
salts is run on to the column by placing the micropipette on 
the glass-fibre plug. When the extraction column has taken 
up the solution, the plug is washed with two lots of 0-025 ml. 
of distilled water, the N, supply is connected and the gas 
stream started. The wet part of the column is warmed with 
amicroburner until the visible water front has moved almost 
to the bottom of the column, the whole tube then being hot. 
The indicator solution is run into the cell and the titration 
carried out as usual. The recoveries are approximately 
theoretical, the reproducibility being +4%. 
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Operation of the chromatogram and results. The amines 
were applied to the chromatograms either as solutions of the 
free bases in ethanol (3 yl. of a 20% solution) or by means of 
the technique outlined above, starting from a solution of the 
amine salts. 

The four amines were applied singly and in mixtures to 
the chromatograms. The retention volume of each zone was 
measured and corrected to zero pressure difference across 
the column (V §) by the use of the graphs of the relationship 
between P,/P, and Vz/V 2 given by James & Martin (1952). 


Pg. equiv. base 





10 20 30 40 
Time (min.) 


Fig. 5. Curve A: the separation of ammonia and the 
methylamines showing coincidence of trimethylamine 
and dimethylamine zones on increasing the paraffin 
content of the hendecanol to 50%. (Column length, 
4 ft.; liquid phase, hendecanol-50 % liquid paraffin (v/v); 
temp., 78-6°; flow rate of nitrogen, 3-6 ml./min.; nitrogen 
pressure, 65mm. Hg.) Curve B: the separation of the 
methylamines showing the effect of a liquid phase having 
high internal pressure (glycerol). The amines now appear 
in order of decreasing molecular weight. (Column length, 
4 ft.; liquid phase, glycerol; temp., 100°; flow rate of 
nitrogen, 4 ml./min.; nitrogen pressure, 60 mm. Hg.) 


The corrected retention volumes of NH, on each type of 
column used are shown in Table 3. The solvents used in the 
vapour jacket to give the temperatures quoted are methanol 
(65°), ethanol (78-6°) and water (100°). Typical analyses of 
mixed amines are shown in Figs. 4 and 5. 


Table 3. Corrected retention volumes of NH, 
with various liquid phases 


Temp. 

Liquid phase (v/v) (°) V%, (ml.)* 
Hendecanol 78-6 37-4 
Hendecanol-15 % liquid paraffin 78-6 23-2 
Liquid paraffin-50% hendecanol 65 24-1 
Liquid paraffin-33 % hendecanol 65 21-0 
Liquid paraffin 78-6 8-2 
Glycerol 100 15-0 
Silicone DC 550-10 % hendecanol 65 210 


* Defined by James & Martin (1952). 


The burette illustrated in Fig. 3 was used with columns 
run at room temperature, when of course the time taken was 
much longer than that shown in Fig. 4. The efficiency of the 
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column under these circumstances is lower (cf. James & 
Martin, 1952), but is adequate to separate any three of the 
four amines provided a suitable liquid phase is chosen 
(Table 3). 


36 
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Fig. 6. Analysis of the volatile amines present in Cheno- 
podium vulvaria L. Curve A: standard mixture of mono-, 
di- and tri-methylamines. Curve B: chromatogram of the 
amines present in an acid extract of the plant, showing the 
presence of only ammonia and trimethylamine. (Column 
length, 4 ft.; liquid phase, hendecanol-15 % liquid paraffin 
(v/v); temp., 78-5°; flow rate of nitrogen, 5-7 ml./min.; 
nitrogen pressure, 80 mm. Hg.) 


The lower limit of quantity of amine that can be detected 
with this technique is 0-3 yg. equiv., i.e. 2 ug. of NH3, 4 ug. 
of monomethylamine, 7 vg. of dimethylamine and 8 yg. of 
trimethylamine. The maximum amounts of amines that still 
allow good separations are 160 ug. of NH, 180 ug. of mono- 
methylamine, 180yug. of dimethylamine and 220yg. of 
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trimethylamine, using a 4ft. 4mm. internal-diameter 
column. 

The estimation of the amines present in Chenopodium 
vulvaria Z. The leaves from four plants of C. vulvaria L, 
(approx. 100 g.) were minced in a Waring Blendor and ex- 
tracted with 0-001N-HCl (11.). The extract was filtered, 
centrifuged and then made alkaline with NaOH. Air was 
drawn through the mixture into a wash bottle containing 
0-001N-HCl. At the end of an hour the wash bottle was 
removed and its contents evaporated almost to dryness. The 
solution was made up to 2 ml., and 0-1 ml. portions were 
taken for analysis. The results are shown in Fig. 6. 


SUMMARY 


1. A technique for the micro-estimation and 
separation of ammonia and the three methylamines 
is described. 

2. Some factors influencing the relative positions 
of amines on gas-liquid partition chromatograms 
are discussed. 

3. A method of applying the amines to the 
columns starting from a solution of the amine salts 
is described. 

4. All the curves illustrated have been obtained 
by the use of the automatic recording burette 
described by James & Martin (1952). Three types of 
manual microburette are now described, together 
with appropriate titration procedures. 


Our thanks are due to Dr B. T. Cromwell for the gift of the 
stinking goosefoot. Part of this work (by G.H.S.) was 
carried out as part of the programme of the Food Investiga- 
tion Organization of the Department of Scientific and 
Industrial Research. 
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Gas -liquid Partition Chromatography: the Separation of Volatile 
Aliphatic Amines and of the Homologues of Pyridine 


By A. T. JAMES 
National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 1 January 1952) 


Previous papers (James & Martin, 1952; James, 
Martin & Howard Smith, 1952) have described the 
separation of volatile fatty acids and also of 
ammonia and the methylamines by means of gas- 
liquid partition chromatography. This study has 
now been extended to include higher aliphatic 
amines and pyridine homologues. 


Aliphatic amines 


By the use of columns having liquid paraffin as the 
stationary phase a great many primary, secondary 
and tertiary aliphatic amines may readily be 
separated from one another in amounts between 
0-3 and 10g. equiv. In Fig. 1, curve A shows the 
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separation of methylamine, ethylamine, isopropyl- 
amine, n-propylamine, isobutylamine, n-butyl- 
amine, dizsopropylamine, isoamylamine and n- 
amylamine at a temperature of 100°. The first few 
amines are not completely resolved, as the column 
has been run deliberately at a flow rate higher than 
that suitable for such separations in order to show as 
many amines as possible on a reasonable time scale. 
Diethylamine, sec.-butylamine and isobutylamine 
have retention volumes (James & Martin, 1952) so 
similar that they cannot be resolved on such a 4 ft. 
column. Curve B (Fig. 1) shows the separation of 
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crease by a factor of 2-1—2-2 for an increase in chain 
length of one —CH, group (a factor of 1-9—2-0 was 
found for the volatile fatty acids by James & 
Martin, 1952). The primary isoalkylamines show the 
same factor, as would be expected. The constancy of 
this factor shows that the van der Waals forces 
involved in interaction between the carbon chain of 
the amines and paraffin liquid phase on the columns 
increase by a constant amount for each additional 
—CH, group. The fact that the primary isoalkyl- 
amines are separated by a constant factor (1-3—1-4) 
from their straight-chain isomers indicates the 






Di-n-butylamine 


n-Heptylamine 


50 60 70 80 


Time (min.) 


Fig. 1. The separation of aliphatic amines at a temperature of 100°, using a 4 ft. column with liquid paraffin as the 


stationary phase. 


Curve A: nitrogen pressure, 75mm. Hg; nitrogen flow rate, 5-7 ml./min. Curve B: nitrogen 


pressure, 225 mm. Hg; nitrogen flow rate, 18-7 ml./min. For data on behaviour of other amines see text and Table 1. 


isoamylamine, n-amylamine, di-n-propylamine, 
4-methylpentyl-1-amine (iso-hexylamine), n-hexy]l- 
amine, di-sec.-butylamine, n-heptylamine and di-n- 
butylamine at 100° and at a higher flow rate than 
that used to obtain curve A. In this case triethyl- 
amine and isoamylamine run together as do di- 
sec.-butylamine, diisobutylamine and cyclohexy]l- 
amine. Tri-n-propylamine overlaps n-heptylamine. 
Table 1 gives a list of the retention volumes of the 
amines relative to that of ethylamine together with 
their boiling points. 

The regularity of behaviour of the aliphatic 
amines on such paraffin columns is demonstrated by 
Fig. 2, where the logarithm of the relative retention 
volume (retention volume of amine/retention 
volume of ethylamine) is plotted against the number 
of carbon atoms for a series of primary, secondary 
and tertiary amines. 

The retention volumes (V,) of the primary 
straight-chain homologues above ethylamine in- 


difference in van der Waals interactions between the 
groups —CH,.CH,.CH, and —-CH(CH;),, and the 
carbon chains of the paraffin. The poor separation of 
sec.-butylamine and isobutylamine (Table 1) and of 
di-sec.-butylamine and diisobutylamine indicates 
that there is a much smaller difference of energy of 
interaction with the liquid phase between the groups 
—CH,.CH(CH;), and —CH(CH;).CH,.CH,. The 
same effect is shown with the fatty acids isovaleric 
acid and «-methylbutyric acid (James & Martin, 
1952). The difference, however, should be sufficient 
to allow the two amines to be separated in an 11 ft. 
column (James & Martin, 1952). 

The slope of the line connecting the points for the 
secondary straight-chain amines is slightly less than 
that connecting the points for the primary amines 
(Fig. 2). The slope of the tertiary amine line is 
markedly less, confirming the suggestion made by 
James et al. (1952) that in series NH,R, NHR,, NR, 
each additional alykl group contributes less to the 
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van der Waals forces of interaction with the liquid 
phase of the column. 

A non-polar liquid phase such as paraffin allows 
no hydrogen bonding between molecules of solute 
and solvent and so the separations are due solely to 
differences in the van der Waals forces between the 
solute and solvent. (This ignores any hydrogen 
bonding between the solute and the kieselguhr 
support for the liquid phase, which is, in fact, small.) 


Table 1. Retention volumes of amines relative to 
that of ethylamine with non-polar and polar liquid 
phases in the columns at 100° 


(Those amines marked with the same small letters cannot 
be completely resolved on a 4 ft. column.) 


Column liquid phase 


B.p. oF 

Amine (°) Paraffin Lubrol MO 
Methylamine -6-5 0-61 0-68 6 
Dimethylamine 7-4 0-93 a 0-81 
Ethylamine 16-6 1 a 
Trimethylamine 3-5 1-17 0-67 b 
iso Propylamine 34 1-49 1-42 
n-Propylamine 48-7 2-20 2-10 ¢ 
Diethylamine 55-5 3:25 d 2-10 ¢ 
sec.- Butylamine 63 3-57 d 2-8 e 
isoButylamine 68 3-70 d 31 e 
Ethylenediamine 118 4-65 f 15-5 
n-Butylamine 77-8 4-7 f 4-4 
Ethanolamine 172-2 5-25 25:8 
Ditsopropylamine 83 6-8 3-00 e 
Triethylamine 89-5 86 g 3-1 e 
tsoAmylamine 95 88 g 73 hh 
n-Amylamine 104 10-5 9-7 
Di-n-propylamine 110-7 13-2 72 h 
4-Methylpentyl-l-amine 123-9 17-8 13-8 
n-Hexylamine 132-7 22-6 19-6 
Di-sec.-butylamine 132-0 27-6 4 9-74 j 
cycloHexylamine 134 28-4 7 25-9 
Diisobutylamine 139 30-4 7 10-9 j 
n-Heptylamine 158-3 49-5 k 40-05 
Tri-n-propylamine 156 49-6 &k 15-1 
Di-n-butylamine 159 62-1 27-6 
Tri-n-butylamine 214 — 85-5 
Benzylamine 185 81-0 91-5 


Primary and secondary amines contain both 
active hydrogen atoms (---H—N=) and donor 
atoms (---N==) capable of forming hydrogen bonds 
with suitable groups, e.g. the hydroxyl group of 
an alcohol, the resulting association complexes 
being of the types (a) Rz,N—H---O(H)—R’ and (6) 
R,N---H—O—R. With solvents such as ethers, 
which unlike alcohols contain only donor atoms, 
only one type of hydrogen bonding is possible, 
namely, (c) R,N—H---O—R/’(R”). Tertiary amines 
possess no active hydrogen atoms and thus form 
associated complexes only with alcohols (type (b)) 
and not with ethers. ‘Lubrol MO’ (a polyethylene- 
oxide-long-chain alcohol condensate) probably has 


the repeating structure 


—{O—CH,CH, ],—O—CH,CH,—O—R’ 
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and with few if any hydroxyl groups. Only primary 
and secondary amines would be expected to show 
strong hydrogen bonding with this solvent. On this 
basis it would be expected that primary and 
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Logio (retention vol. of amine/retention vol. of ethylamine) 


122 4 38 6 7. 16. 9 
No. of carbon atoms in molecule 

Fig. 2. The relationship between log,, (retention volume of 
amine/retention volume of ethylamine) and total number 
of carbon atoms in the amine molecule. A—A, primary 
straight-chain amines; O—O, primary isoalkylamines; 
[IJ—Q], secondary straight-chain amines; @—®, 
tertiary straight-chain amines. 


secondary amines would have greater retention 
volumes on columns having Lubrol MO as the 
stationary phase than on columns having liquid 
paraffin as stationary phase, whilst tertiary amines 
would have similar retention volumes on both 
Table 2. The effect of hydrogen bonding on the 

corrected retention volumes of primary, secondary 

and tertiary amines with two different liquid phases 

on the columns at 100° 

V%, (ml.)* 


— ae 
Lubrol MO 


Amine Paraffin 
n-Butylamine 90 234 
Di-n-propylamine 250 383 
Trimethylamine 22 35 
Tri-n-propylamine 960 800 


* Defined by James & Martin, 1952. 


columns (assuming the van der Waals forces to be 
of the same order in both solvents). Table 2 gives a 
list of the corrected retention volumes of four 
representative amines on Lubrol MO and liquid- 
paraffin columns, showing the expected relation- 
ship. The exceptional behaviour of trimethylamine 
is explicable if it is assumed that the H atoms of the 
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methyl groups are ‘active’ enough to allow hydrogen 
bonding of the type (CH;),NCH,—H- --O—R/’(R”). 
This suggestion is supported by a comparison of the 
boiling points of trimethylamine (3-5°) and tri- 
methylmethane (2-methylpropane) (— 10-2°) which 
suggests that hydrogen bonding of the trimethy]l- 
amine molecules may occur. The boiling points 
of triethylamine (89-5°) and triethylmethane (3- 
ethylpentane) (93-3°) are much closer so that it can 
be assumed that no hydrogen bonding occurs with 
amines higher than trimethylamine. 
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Relative retention volumes with liquid paraffin 
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Relative retention volumes with Lubrol MO 

Fig. 3. The relationship between relative retention volumes 
(retention vol. of amine/retention vol. of ethylamine) for 
aliphatic amines on columns having stationary liquid 
phases of (a) liquid paraffin and (b) Lubrol MO, showing 
the relative speeding up of secondary and tertiary amines 
on changing from a solvent not allowing, to one allowing, 
hydrogen bonding. A—A, primary straight-chain 
amines; O—O, primary isoalkylamines; []—(], 
secondary straight-chain amines; ©—@, secondary iso- 
alkylamines; @—®, tertiary straight-chain amines. 


The order of hydrogen-bonding strength probably 
follows that of basicity of the amines (primary and 
secondary>tertiary) and, on columns having 
Lubrol MO as the stationary phase, secondary and 
tertiary bases run more rapidly with respect to a 
given primary amine than on columns having liquid 
paraffin as the stationary phase. In Table 1 isshown 
a comparison of relative retention volumes of a 
series of 27 amines on both types of column. Fig. 3 
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shows the relationship between relative retention 
volumes on the two types of column for a series of 
primary, secondary and tertiary amines. The values 
for the three types of amine lie on straight lines 
showing the expected relationship, namely, slope of 
the line for tertiary amines greater than that for 
secondary amines greater than that for primary 
amines. The contribution to the solvation energy of 
the amines made by hydrogen bonding is still greater 
in the case of a diacidic amine such as ethylenedi- 
amine so that it runs much more slowly on Lubrol 
MO (relative V,= 15-5) than on paraffin (relative 
V,=4-65). In this case the solvent paraffin is so 
unlike the pure solute ethylenediamine that the 
amine (mol.wt. 78) behaves similarly to n-butyl- 
amine (relative V,=4-7, b.p. 77-8°, mol.wt. 83). 
Lubrol MO has solvent properties much more akin 
to pure ethylenediamine so that the base (b.p. 118°) 
behaves similarly to 4-methylpenty]-1-amine (rela- 
tive V,= 13-8, b.p. 123-9°, mol.wt. 101). 


Identification of aliphatic amines 


This property of hydrogen bonding with the 
solvent can be used to decide whether a given amine 
is primary, secondary or tertiary, or diacidic by 
measuring its relative retention volume on the two 
types of column and finding on which line of the 
graph in Fig. 3 the values fall. In addition, where 
zones of two or more amines of differing basic 
strength overlap on liquid paraffin columns, the 
amines can be separated by re-running on Lubrol 
MO columns. In this way dimethylamine and ethy1- 
amine; diethylamine and iso- or sec.-butylamine; 
ethylenediamine and n-butylamine; triethylamine 
and isoamylamine; cyclohexylamine and dizso- or 
di-sec.-butylamine, can be separated. Of the 27 
amines examined only two pairs, tso- and sec.- 
butylamine; diiso- and di-sec.-butylamine cannot 
be separated on 4 ft. columns of either solvent. 


Table 3. Factors of increase in relative retention 


volume for an increase of chain length of one —CH, 
grou neat ad 
sali Stationary liquid phase 





— . 
Paraffin Lubrol MO 
Primary amines 2-2 2-1 
Secondary amines 2-1 1-9-2-0 
Tertiary amines 1-80 1-71 


In Table 3 the increases in retention volume for 
an increase of chain length of one —CH, group in 
primary, secondary and tertiary amines are com- 
pared for both types of column. The constancy of 
these factors allows the prediction of position of any 
primary, secondary or tertiary amine (having 
straight or branched chains) provided the retention 
volume of any other amine in the correct homo- 
logous series is known. 





Pyridine homologues 


Fig. 4 (curve A) shows the separation of pyridine, 
a-picoline, y-picoline, 2:6-lutidine, 2:4-lutidine and 
2:4:6-collidine on a 4 ft. column at 137° using liquid 
paraffin as the stationary phase. f-Picoline and y- 
picoline cannot be separated; the two zones overlap 
completely. In Table 4 a comparison of the silicone 
DC 550, Lubrol MO and liquid paraffin as stationary 
phases is made and it can be seen that liquid paraffin 
is superior, in that it allows a separation of y- 
picoline and 2:6-lutidine. The hydrogen-bonding 
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and 2:4:6-collidine. The 2:6-lutidine fraction con- 
tains «-picoline, y- and/or f-picoline, and 2:6- 
lutidine; the 2:4-lutidine fraction contains a small 
amount (approx. 4%) of y- and/or B-picoline and 
the 2:4:6-collidine contains a small amount of 
2:4-lutidine. The increased width of the collidine 
zone shows more than one of its isomers to be present. 
This method of analysis of coal-tar fractions should 
allow some approach to be made to the standardiza- 
tion of the lutidine and collidine fractions used in 
paper chromatography, where considerable varia- 
tions in R, values are found when different samples 
are used. 





Time (min.) 


Fig. 4. The separation of pyridine homologues on a 4 ft. column at 137° having liquid paraffin as the stationary phase. 
(Nitrogen pressure, 19 cm. Hg; nitrogen flow rate, 15 ml./min.) Curve A: bases in order of emergence from the 
column: pyridine, «-picoline, B- and y-picoline, 2:6-, 2:4- and 2:5-lutidine, 2:4:6-collidine. Curve B: analysis of a 
commercial sample of 2:6-lutidine showing the presence of «-picoline, y- and/or f-picoline and 2:6-lutidine. 
Curve C: analysis of a commercial sample of 2:4-lutidine showing the presence of y-picoline. Curve D: analysis of 
a commercial sample of collidine showing the presence of 2:4-lutidine. In addition, the broadness of the collidine band 


indicates the presence of two further components. 


Table 4. Relative retention volumes of pyridine homologues 


(Temperature, 137°; values relative to that of pyridine, taken as 1.) 


Column liquid phase a-Picoline B-Picoline 
DC550 1-39 2-3 
Lubrol MO 1-50 2°3 
Liquid paraffin 1-75 2-4 


powers of pyridine, «-picoline, B-picoline and y- 
picoline are very similar, so that transferring from 
a solvent with little to one with high hydrogen- 
bonding power has little or no effect on their relative 
position. 2:6-Lutidine, 2:4-lutidine and 2:4:6- 
collidine probably have a decreased hydrogen- 
bonding power so that they run more rapidly 
relative to pyridine on columns allowing hydrogen 
bonding. 

The relative retention volumes of these pyridine 
homologues may be easily related to those of the 
aliphatic amines as pyridine has a retention volume 
relative to ethylamine of 10-5 (at 100°) on paraffin 
columns, and 10:3 on Lubrol MO columns. 

The curves B, C and D (Fig. 4) show the behaviour 
of commercial samples of 2:6-lutidine, 2:4-lutidine 


y-Picoline 2:6-Lutidine 2:4-Lutidine 2:4-6-Collidine 
2-24 1-94 2-82 4-30 
2-34 2-15 3-40 4-85 
2-31 2-80 4-00 6-35 


EXPERIMENTAL 


Preparation of columns. The columns were of the size 
(4 ft. long and 4mm. internal diameter) described by 
James & Martin (1952). The kieselguhr used was prepared as 
described by James e¢ al. (1952). The liquid phases of liquid 
paraffin, ‘Lubrol MO’ (Imperial Chemical Industries Ltd.) 
and DC550 (Midland Silicones Ltd.) were added to the 
kieselguhr in the proportion of 3 g. of liquid phase to 7 g. of 
kieselguhr. 

Procedure. The amines were added to the columns with a 
micropipette either in ethanolic solution (33%, w/w) or as 
the pure dry amine. The titrations were carried out using the 
automatic recording burette of James & Martin (1952) filled 
with 0-04N-H,SO,. The burette has been modified to take 
two burette tubes held paraltel to one another, one con- 
taining dilute acid, the other dilute alkali. While one is in 
operation connected to the titration cell, the other is con- 
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nected only to its reservoir. In this way either bases or acids 
may be titrated without having to empty and refill the 
burette. The indicator used was methyl red in saturated 
aqueous solution. For further experimental details the two 
earlier papers should be consulted. 


SUMMARY 


1. The separation and micro-estimation of a 
series of aliphatic primary, secondary and tertiary 
amines is described. 

2. A straight-line relationship is obtained when 
the logarithms of the retention volumes are plotted 
against the number of carbon atoms for each type of 
primary, secondary and tertiary amine. By means 
of this relationship the relative retention volume of 
any amine may be predicted provided the retention 
volume of any other member in the correct homo- 
logous series is known. 

3. The utilization of columns having polar and 
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non-polar liquid phases to determine whether an 
unknown amine is primary, secondary or tertiary is 
described. A plot of the relative retention volumes 
of primary, secondary and tertiary amines on 
paraffin against those obtained with ‘Lubrol MO’ 
liquid phases shows the values for each type of 
amine to fall on straight lines of different slope. 

4. Out of 27 amines containing from 1 to 12 
carbon atoms only two pairs (iso- and sec.-butyl- 
amine; dizso- and di-sec.-butylamine) cannot be 
separated on 4 ft. columns. 

5. The separation of the homologues of pyridine 
is described as a suitable method for the approxi- 
mate standardization of pyridine bases for chro- 
matographic use. 

Thanks are due to Dr A. J. P. Martin, F.R.S., for much 
valuable advice and discussion. Appreciation is also ex- 
pressed to the National Coal Board (Eastern Region) and 
Messrs Yorkshire Tar Disillers Ltd. for gifts of pyridine 
homologues. 
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ll. THE ISOLATION AND PROPERTIES OF THE 
HUMAN BLOOD-GROUP H SUBSTANCE 
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(Received 11 January 1952) 


The different sera of human and animal origin which 
bring about the agglutination of human O ery- 
throcytes strongly, whilst agglutinating cells 
belonging to other blood groups less readily or not 
at all, are generally referred to as ‘anti-O’ sera. The 
isolation from human red cells of a material possess- 
ing the capacity to neutralize the agglutinating 
action of these sera on O cells was first reported by 
Hallauer (1934) and subsequently by Stepanov, 
Kuzin, Markageva & Kosyakov (1940). Witebsky & 
Klendshoj (1941) described the isolation of a small 
quantity of serologically active material from the 
gastric juice of group O persons. The homogeneity 
of the substances was in no instance established, but 
the results were important in that they demon- 
strated that serologically specific materials of 
carbohydrate nature could be obtained from the 
erythrocytes and gastric juice of group O persons. 
Landsteiner & Harte (1941) likewise isolated the so- 
called O substance from the saliva of individuals 


belonging to group O and showed that the material 
was largely carbohydrate in nature and could not 
be distinguished chemically from that obtained 
from the saliva of persons belonging to groups A 
and B. 

Following the demonstration by Morgan & Van 
Heyningen (1944), that ovarian cyst fluids obtained 
from women secreting their specific blood-group 
substances in a water-soluble form are a convenient 
and potent source of these materials, Morgan & 
Waddell (1945) isolated from this source a poly- 
saccharide-amino-acid complex which possessed 
the so-called O specific character. The material 
obtained was not electrophoretically homogeneous, 
but nevertheless a preliminary examination of the 
substance was undertaken and it was found to 
possess a laevorotation with [«];4,; — 22°, to contain 
5-9 % nitrogen and to yield, after acid hydrolysis, 
43 % of reducing sugars, expressed as glucose, and 
33 % of hexosamine, as glucosamine base. Hydro- 
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lysis of the material with strong acid revealed that 
43 % of the total nitrogen was present as amino-acid 
nitrogen and that the nitrogen of the liberated 
%-amino groups accounted for at least 81% of the 
total nitrogen of the O substance. The sera of 
rabbits immunized with this so-called O substance 
were found to contain, after absorption with A,B 
cells, quite potent antibody reactive against O and 
A, cells. 

It is now recognized that the so-called anti-O sera 
detect a substance which is not a specific product of 
the activity of Bernstein’s O gene, but that they 
react with a material which is present to a variable 
extent on the surface of the erythrocytes of the 
majority of human subjects. A substance which is 
probably identical serologically with that which 
occurs on the red-cell surface is found in the secre- 
tions of about 75 % of all persons and, as was clearly 
demonstrated by Schiff & Sasaki (1932), is present in 
the secretions of individuals who belong to blood 
group A,B, i.e. in the secretions of persons who do 
not possess an O gene. These and other observations 
would seem to indicate that the so-called O sub- 
stance described in the literature is not a specific 
product of the O gene, and to avoid confusion 
Morgan & Watkins (1948) proposed that the material 
be called H substance in place of O substance. 

Detailed procedures for the isolation of certain of 
the human blood-group factors from ovarian cyst 
fluids have already been reported (Morgan & 
Waddell, 1945; Aminoff, Morgan & Watkins, 1950; 
Annison & Morgan, 1952), and essentially similar 
methods are now described for the isolation and 
characterization of the H substance from the same 
source, 


EXPERIMENTAL 


The cyst fluids studied were obtained from group O indi- 
viduals and those fluids were selected which were rich in H 
substance. The fluids chosen usually possessed a relatively 
low concentration of the Lewis blood-group substance Le? 
and, in certain specimens, of Le* substance also (Grubb & 
Morgan, 1949; Grubb, 1951). 


Materials and methods 


Cyst fluids. These materials were usually dried from the 
frozen state and stored at 0° or —10° until required. Cyst 
fluids preserved in their native state were kept under 
toluene at 0°. 

Serological activity. The agglutination tests employed to 
measure the activity of the preparations of H substance 
were carried out as described by Morgan & Van Heyningen 
(1944), and all the different anti-H sera available (Annison 
& Morgan, 1950) were also used at one time or another as 
control reagents. When human anti-H sera were used, much 
smaller volumes were taken and a technique similar to that 
described by Grubb & Morgan (1949) for Le* inhibition tests 
was employed. A ‘standard’ preparation of H substance of 
human origin was included in all tests. 
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Analytical methods. The procedures employed to examine 
the H substance were the same as those used in similar 
studies with the blood-group A and Le* substances (Aminoff 
& Morgan, 1948; Aminoff e¢ al. 1950; Annison & Morgan, 
1952). C, H and N analyses were made by Weiler and Strauss, 
Oxford. Optical rotations were measured at room temper- 
ature, approx. 20°. 


The isolation of the H substance 


Preliminary experiments using cyst fluid no. 93 indicated 
that when the dried fluid was extracted with 90% (w/v) 
phenol-water solution the serologically active substance 
remained insoluble in the liquid phenol. In view of the ease 
with which this procedure eliminated most of the contami- 
nating protein in one step, the remainder of the dried cyst 
fluid (92 g.; N, 12-9%), which possessed about 5% of the 
specific activity of the ‘standard’ H preparation, was 
similarly extracted. The phenol-insoluble residue was sus- 
pended in water and dialysed for several days at 0-2° and 
the water-insoluble component thoroughly extracted with 
water. The aqueous solution and the combined washings 
were concentrated in vacuo and dried from the frozen state 
to yield a product (8-56 g.; N, 5-9%) which was as active as 
the laboratory ‘standard’ H substance. A sample of the 
water-insoluble residue was dissolved by adding a little 
alkali to an aqueous suspension of the material maintained 
at 0°. Serological tests indicated that this material (6-6 g.; 
N, 7:2%) possessed rather less than half the activity of the 
‘standard’ H solution. The remainder of the water-insoluble 
material was subsequently rendered water-soluble by pepsin 
treatment as described later in this paper. 

The absence of a precipitate on the addition of 10 % (w/v) 
trichloroacetic acid to the water-soluble material (N, 5-9%) 
indicated that the preparation was substantially free from 
extraneous protein, but in order to remove the remaining 
traces of protein, deproteinization (Sevag, 1934) was applied. 
The best conditions for the removal of protein were found by 
preliminary experiments and applied as follows: a solution 
(0-5 %) of the substance in 0-1 M-sodium acetate, pH 4-6, was 
vigorously stirred in 250 ml. centrifuge pots with an equal 
volume of a 1:1 mixture of CHCl, and amy] alcohol for about 
30 min. The two liquid phases were then separated by centri- 
fugation, and the supernatant fluid removed. The denatured 
protein which collected at the solvent interface was treated 
with an equal volume of fresh buffer, the aqueous layer 
recovered and added to the first aqueous phase. The 
denatured material was collected by pouring the CHCI,-amyl 
alcohol layer and the material suspended in it into excess 
ethanol, and separating the precipitated material by centri- 
fugation. The specific substance was treated three times with 
the organic solvent mixture. The results shown in Table 1 
indicate that this treatment was effective in deproteinizing 
the mucoid solution, although a good deal of the specific 
substance separated with the denatured protein. 

The deproteinized material (Table 1, fraction ¢) was 
examined electrophoretically at pH 8-0, and was found to 
show some inhomogeneity. This partially purified H sub- 
stance was subsequently fractionated from aqueous solution 
at 37° with Na,SO,. Powdered anhydrous Na,SO, was 
slowly added, with stirring, to a 2% solution of the H 
substance (4-1 g.) to yield a concentration of 22% (w/v) 
Na,SO,. In order to maintain more precise control over the 
precipitation, further Na,SO, beyond this amount was 
added asa saturated solution. Four fractions were collected, 
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the last of these being the material remaining in solution 
after saturation with Na,SO, had been reached. The largest 
fraction was redissolved in water and the fractional pre- 
cipitation with Na,SO, repeated. A large active fraction was 
again thrown down over a narrow range of Na,SO, concen- 
tration. The results of these fractionations are shown in 
Table 2. A sample of the purified substance (Table 2, 
fraction 2b) dissolved in water to give a fairly viscous 
opalescent solution. Electrophoretic analysis of this 
material at pH 8-0 again demonstrated some inhomogeneity. 
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The subsequent isolation of electrophoretically homo- 
geneous blood-group substances from these materials sug- 
gested the use of the same technique with the H substance. 

A small-scale experiment revealed that some 30-40 % of 
the partially purified product obtained by Na,SO, fraction- 
ation was rendered phenol-soluble by the trichloroacetic 
acid treatment, and this material, after precipitation from 
phenol solution with ethanol, was found to possess a some- 
what higher activity than the standard H substance. The 
whole of the available substance was therefore treated with 


Table 1. Removal of protein from partially purified H substance 
by treatment with CHCl,-amyl alcohol mixture 


(The serological activity of a material in this table and in the following tables is expressed in terms of the activity of 


a standard solution of the H substance.) 


Nature of fraction 


a 


(a) Ist 

(b) ona | Material separating at interface 
(c) 3rd J 

(d) 1st ) 
(e) 3rd } 


* Too turbid for accurate polarimetric observation. 


Material soluble in aqueous phasef 


Serological 
Specific N activity 
Yield rotation content (% ofstandard 
(g-) [o]}5401 % preparation) 
1-92 = 6-35 100 
1-10 -47° 6-3 100 
0-35 — 35° 5-85 100 
{ we — 35° 5-4 100 
4-53 — 32° 5-2 100 


{7 Small sample only examined. 


Table 2. Fractionation of partially purified H substance with Na,SO, 


Serological 
Specific N activity 
Precipitation level Yield rotation content (% ofstandard 

Fraction (% (w/v) Na,SO,) (g-) [o]5461 (%) preparation) 
i (a) 0-24-6 0-10 Ss 4-45 100 
(b) 24-6-25-8 3-05 — 20° 5-6 100 
(c) 25-8-27-0 0-32 — 35° 4-45 100 
(d) 27-0—Excess 0-24 — 30° 4-4 50 
(e) Material in final supernatant fluid 0-17 — 29° 4-4 50 

Further fractionation of 1 (b) 

2 (a) 0-24-5 0-07 . 5-0 100 
() 24-5-26-0 2-83 — 24° 5-65 100 
(c) Material soluble above 26-0 0-09 — 32° 4-9 100 


* Too turbid for polarimetric observation. 


Table 3. 


Fractionation of partially purified H substance from 90 % phenol with ethanol 


Serological 
Specific N activity 
Precipitation level Yield rotation content (% of standard 

Fraction % (v/v) EtOH) (g-) [o]sa61 (%) solution) 
1 (a) Phenol-insoluble material 1-41 — 48° 5-05 100 
(b) 0-10-0 1-15 -37° 53 150 
(c) 10-excess 0-15 — 30° 6-3 100 

Further fractionation of 1 (5) 

2 (a) Phenol-insoluble 0-29 — 43° 5-2 100 
(5) 0-3-5 0-37 — 33° 53 150 
(c) 3-5-7-0 0-23 ~ 29° 5-3 150 
(d) 7-0-10-0 0-20 —30° 5-3 150 
(e) 10-excess 0-01 — 36° 5-4 150 


The specific substance at this stage of purification was 
insoluble in phenol, but earlier work showed that both the 
A substance (Aminoff e¢ al. 1950) and the Le® substance 
(Annison & Morgan, 1952) became in part phenol-soluble on 
treatment with 5 % trichloroacetic acid at 0° for a short time. 


5% (w/v) trichloroacetic acid. A precipitate did not form, 
showing the absence of appreciable quantities of free pro- 
tein. The solution was neutralized, dialysed, and the 
material was recovered by drying from the frozen state. The 
dry substance was then exhaustively extracted with 90% 
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phenol, and the soluble material divided into two fractions 
by the addition of ethanol to the phenol solution. The 
ethanol level was adjusted to 10% (v/v), by the addition of 
1:1 phenol-ethanol mixture and the material thrown out of 
solution was collected by centrifugation. The supernatant 
solution was treated with several times its volume of 
ethanol, and the precipitate formed was collected. The 
phenol-insoluble residue and the two phenol-soluble 
products were washed free from phenol with ethanol, 
dialysed at 0° against water and dried from the frozen state. 
The analytical figures and serological activities of these 
fractions are shown in Table 3. 

The fraction precipitated over the range 0-10 % ethanol 
(16) was resuspended in liquid phenol, when a small amount 
of it failed to dissolve after shaking for some hours with 
successive portions of fresh phenol. The soluble substance 
was fractionally precipitated from solution by slowly adding 
increasing amounts of a 1:1 (v/v) 90% phenol-ethanol 
mixture. Three major fractions separated between the 
levels 0 and 10 % (v/v) ethanol: only a trace of material was 
precipitated by the addition of excess ethanol. The results of 
the final fractionation are included inTable 3. The analytical 
figures of fractions 6, c and d suggested that the phenol- 
soluble material was not grossly inhomogeneous chemically 
and these fractions were therefore united. Electrophoretic 
and ultracentrifugal analysis of this product at pH 4-0 and 
8-0 showed the presence of only one component (see 
Addendum to this paper). 
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half the activity of the standard H substance, was extracted 
with 90% phenol when rather more than half of the material 
dissolved. The phenol-insoluble residue (Fig. 1, 1) dissolved 
in water to form a highly viscous, turbid solution, which 
possessed not more than 25 % of the activity of the standard 
H solution. The phenol-soluble material was fractionally 
precipitated from solution with ethanol, and the fractiona- 
tion repeated several times (Fig. 1). Each fraction collected 
was washed free from phenol with ethanol, dissolved in 
water, dialysed at 0°, and dried from the frozen state. 

The final product precipitated from phenol over the range 
0-10% ethanol (Fig. 1, 4b) was split into four parts by 
further fractionation from phenol between narrower limits 
of ethanol concentration. The hexosamine content and re- 
ducing-sugar value relative to glucose of each fraction after 
hydrolysis with 0-5N-HCl at 100° for 16 hr. was estimated, in 
addition to the analytical figures usually determined, as 
shown in Table 4. The analytical results suggested that the 
starting material 4b was essentially homogeneous, and in 
consequence fractions 5a, b, cand d (Table 4) were combined. 
The product was examined in the Tiselius electrophoresis 
apparatus at pH’s 8-0 and 4-0, when the presence of only one 
component was demonstrated. Ultracentrifugal analysis 
also failed to show that the preparation was inhomogeneous. 

The fucose content (13-1%) of this preparation, which 
was isolated by means of peptic digestion, was found to be 
slightly lower than that of the first preparation (142%) 
(Table 3, 26, cand d). The former preparation was also shown 


Table 4. Fractionation of H substance from solution in 90 % phenol by ethanol 


(H substance used was material derived from fraction 46 in Fig. 1.) 


Precipitation Yield 
Fraction level (g-) [o]5a61 
5 (a) 0-3-0 0-38 — 26° 
(b) 3-0-5-5 0-73 -31° 
(c) 5-5-7-5 0-57 -32° 
(d) 7-5-10-0 0-11 — 28° 


Pepsin treatment of the H substance 


A considerable portion of the specific material present in 
the crude cyst, the whole of which was originally soluble in 
water, was found, after drying from the frozen state and 
treatment with phenol, to be insoluble in water. A possible 
interpretation of this phenomenon is that part of the group 
substance present in the cyst was bound to protein which was 
denatured and thus made insoluble. An attempt was there- 
fore made to liberate this non-available group substance 
by digesting the insoluble material with pepsin. A small 
amount of the water-insoluble material was suspended with 
a trace of crystalline pepsin in 0-2mM-HCl-citrate, pH 2-6, at 
37° for 48 hr. The substance passed completely into solution 
and after dialysis at 0° was dried from the frozen state to 
yield a water-soluble product possessing about half the sero- 
logical activity of the standard H preparation. The whole of 
the water-insoluble material, together with a number of 
specimens similarly contaminated with protein (11-6 g.) 
which arose as side fractions in other purification pro- 
cedures, was digested with 2 mg. of crystalline pepsin under 
similar conditions. The solution obtained was thoroughly 
dialysed at 0°, and dried from the frozen state. The main 
product (Fig. 1, 1a, 7-7 g.; N, 6-0%) which possessed about 


Serological 
activity 
N Hexosamine Reduction (% of standard 
(%) (%) % solution) 
5:3 29-6 53 150 
5-25 30-0 53 150 
5:3 29-1 54 150 
5:35 29-7 53 150 


to possess a slight capacity to precipitate with anti-pneumo- 
coccal type XIV serum, a property not shown by the other 
material. These results suggest that a slight degradation had 
taken place during peptic digestion and the material was 
accordingly used as the starting material from which the 
sugar components, after they had been identified in the best 
H preparation, were isolated. 


Test for homogeneity 

The homogeneity of the main preparation 
(Table 3, fractions 2b, c and d) was studied by the 
following procedures. 

(1) Fractional solubility test. The ready and 
extreme solubility of the H substance in water, with 
the formation of highly viscous solutions, prevented 
the application of the usual equilibrium method of 
solubility test. A fractional solubility test of the 
type employed for the human A substance (Aminoff 
et al. 1950) was therefore used. 


The preparation (650 mg.) was shaken in a 50 ml. centri- 
fuge pot with successive portions (about 20 ml.) of 32% 
(v/v) ethanol-water. The suspension was shaken for about 
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Pepsin-treated cyst material (1a) (7-7 g.; N, 6-0%; sp.act. 50%)* 
P y P 


90% (w/w) phenol extraction 





Insoluble (1) Supernatant 
(2:85 g., N, 5-5%; sp.act. 25%)* 


12% (v/v) ethanol 





— 
Precipitate (1c) Supernatant 
(3-70 g.; N, 535%; sp.act. 100%)* 
excess ethanol 
90% (w/w) phenol extraction | 
Precipitate (1d) 
(0-42 g.; sp.act. 5%) 





Insoluble (2a) Supernatant 
(1-0 g.; N, 5-15%; sp.act. 100%)* 
5% (v/v) ethanol added 





ara eae ota Fae 
Precipitate (25) Supernatant 
(1-85 g. [a]s4e, — 36°; N, 5-7%; sp.act. 100%) 
| 12% (v/v) ethanol added 


Supernatant Precipitate (2c) 
(0-61 g. [a]51g1 — 39°; N, 
20% (v/v) ethanol added 5-8%; sp.act. 100%) 
Precipitate (2d) Supernatant 


(0-21 g. [a]sag3 41°; N, 6-1; sp.act. 100%) 
with excess ethanol 


Precipitate 
(0-06 g.; N, 7-25%; sp.act. 50%) 
Fractions 2b and 2c 


| 90% (w/w) phenol extraction 


ae 
Insoluble (3a) Supernatant 
(0-22 g. —35°; N, 5-2%; sp.act. 100%) ; 
6: [#]saen — 35 ao a 10% (v/v) ethanol added 





Precipitate (3b) Supernatant 
(1-93 g. [«]sa¢1 - 37°; N, 5-4%; sp.act. 150%) with excess phenol 
Precipitate (3c) 
(0-07 g. [«]s461 —42°; N, 6-3%; sp.act. 100%) 


90% (w/w) phenol extraction 





Insoluble (4a) Supernatant 
(0-03 g. 61 ~o2 ; N, 53%; sp.act. 150% 
6: oleae Pree A Oa 10% (v/v) ethanol added 


! = 
Precipitate (4b) Supernatant 


e 1... ~ 39°: N. 5-39; sp.act. 150% 5 
(1-84 g. [a]ss01 — 32°5 N, 5:3°%; sp.act. 1507) | with excess ethanol 


Precipitate (4c) 
(0-007 g.) Not examined 


* Aqueous solutions too turbid for polarimetric observation. 


Fig. 1. The fractionation of pepsin-treated H substance from solution in 90% phenol by ethanol. (The serological 
activities of the materials given in this figure are expressed in terms of the activity of a standard solution of this 
H substance, shown as sp.act., 7 %.) 





1 min., centrifuged to separate the liquid and solid phases, 
the supernatant fluid decanted, fresh solvent added, and the 
procedure repeated. Five fractions, including the final solid 
residue, were thus obtained. The serological activity, 
specific rotation, N content, reducing power and hexosamine 
content of each fraction are recorded in Table 5. 


The results obtained indicated that the material 
was probably homogeneous chemically and con- 
tained no material of very different composition 
from that of the most active material. 

(2) Electrophoresis. An electrophoretic analysis 
of the H substance at pH’s 4-0 and 8-0 gave no 
evidence of inhomogeneity. Details are given in 
the Addendum to this paper. 
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anti-H serum was observed to occur with an equal 
volume of a dilution of 1 in 5 x 105 of H substance, 
i.e. with about 1 yg. of the material. 

The H substance, when tested at a concentration 
of 5 mg./ml., showed no capacity to inhibit two or 
three completely agglutinating doses of the following 
heterologous blood-group reagents: (1) human 
anti-A and human anti-B agglutinins; (2) rabbit 
anti-M and anti-N agglutinins; (3) anti-P agglu- 
tinins; (4) anti-Rhesus sera, consisting of anti-D, 
anti-C, anti-c and anti-E reagents, and (5) anti-Le* 
and anti-Le® agglutinins. Some inhibition of human 
anti-O serum (Morgan & Watkins, 1948) was ob- 
served, however, although comparative tests with 


Table 5. Fractional solubility test for homogeneity on H substance 


(For details of fractionation see Table 3, 2, c and d, and Text.) 


Fraction ... a oes aaa aee mh ose 
Specific rotation («);45, (+5) 
(a) N (Kjeldahl) (% 
(6) Reduction (%) (calculated as glucose) 
(c) Hexosamine (%) (calculated as base) 
(d) Serological activity (% of standard preparation) 
b/a 
cla 
b/c 


(3) Ultracentrifugal examination. The H substance 
was also examined in the ultracentrifuge. Details 
are given in the Addendum. 

(4) Quantitative immunochemical analysis. 
Through the kindness of Prof. J. R. Marrack and 
Mr R. G. 8. Johns the H substance from cyst 93 was 
examined by a quantitative precipitation technique 
similar to that described for A substance by Kabat, 
Baer & Knaub (1949). The antiserum employed was 
prepared by us in rabbits by means of an artificial 
antigenic complex made from the H substance and 
the conjugated protein component of the O somatic 
antigen of Shigella shigae (Morgan, 1943). The per- 
centage of the glucosamine in the added H substance 
that was precipitated was calculated with allowance 
for solubility of the precipitate and for the apparent 
glucosamine content of the antibody, as done by 
Bendich, Kabat & Bezer (1946) ; allowance was also 
made for an effect of protein on estimates of glucos- 
amine (Johns & Marrack, 1952). In the region of 
antibody excess the percentage of glucosamine 
precipitated, calculated in this way, was from 78 to 
110. The full results of these experiments will be 
published in a separate paper. 


Properties of the H substance 


Immunological properties. The serological activity 
of the H substance was measured by determining 
the minimum amount necessary to inhibit the 
agglutinating action on O cells of anti-H sera of 
human and animal origin. The inhibition of two to 
three completely agglutinating doses of human 


I II Ill IV V 
— 26° — 30° — 29° -31° -27° 
5-2 5-2 5-1 5-2 5-2 
52-2 52-7 52-5 53-1 52-4 
30:3 30-8 30-9 30-3 31-0 
150 150 150 150 150 
10-04 10-13 10-29 10-21 10-08 
5-82 5-92 6-06 5-83 5-96 
1-72 1-71 1-70 1-72 1-69 


an inhomogeneous preparation of O substance ob- 
tained from human erythrocytes of group O sug- 
gested that the O substance content of the H pre- 
paration was equivalent to not more than a few per 
cent of the preparation from O stroma. The H 
preparation showed no capacity to inhibit the 
haemolysis of sheep red cells by rabbit anti-A 
erythrocyte serum in the presence of complement. 
Samples of the material were tested after treatment 
with N-acetic acid at 100° for 1—-6hr., but in no 
instance was there any evidence for the develop- 
ment of ‘Forssman’ activity. 

Earlier investigations suggested that a partially 
purified preparation of the H substance isolated 
from human ovarian-cyst fluid was antigenic when 
injected into rabbits (Morgan & Waddell, 1945). 
This conclusion does not seem to hold for the 
preparations of H substance isolated during the 
present work, judging from the results of similar 
experiments with the more highly purified material. 


A group of six rabbits, selected for the low reactivity of 
their sera with A and B cells, was given, at 3- to 4-day 
intervals, three intravenous doses each of 0-1 mg. of H sub- 
stance dissolved in saline. The rabbits were bled 1 week 
after the last dose. No significant increase in the agglutina- 
tion titre of the sera against O cells with respect to that of 
the normal bleedings was found. The rabbits were now given 
a further three intravenous doses, each of 0-1 mg. of the H 
substance, under the same conditions as before. The anti-O 
cell titre of each of the resulting sera, however, was not 
appreciably higher than that‘of the normal bleedings. 

A similar group of six rabbits was given, under the same 
conditions, three doses, each of 0-05 mg., of an artificial 
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antigen made by coupling the same specimen of H substance 
with the conjugated protein component of the O somatic 
antigen of S. shigae. This antigen was prepared by the 
method described for the corresponding artificial A antigen 
(Morgan, 1943). The average anti-O cell agglutinin titre 
increased to about 2000, a 100-fold enhancement above the 
normal titre. The results indicated that under the conditions 
of test in rabbits the H substance is not antigenic, or only 
very weakly so, whereas it is readily converted into a power- 
ful antigen by combination with the conjugated protein 
component of S. shigae. 

The preparation of the H substance which had not 
been treated with pepsin failed to.give a precipitate when 
tested with horse anti-pneumococcal type XIV serum, and 
in this respect differed from the H-active materials isolated 
by Kabat and his co-workers (see Kabat, 1949). The H 
preparation isolated by the use of pepsin, however, showed 
a weak reactivity when tested at a dilution of 1:1000 with 
the pneumococcus type XIV antiserum. The type XIV 
polysaccharide gave a heavy precipitate when mixed with 
its homologous serum under similar conditions. 

The H substance was examined by Dr J. McCrea for its 
capacity to inhibit the agglutination of fowl cells by the 
heated Lee (type B) influenza virus. The materials were 
found to be inactive. The high activity of a specimen of 
purified human blood-group H (so-called ‘O’) substance 
reported by Burnet, McCrea & Anderson (1947) must be 
attributed to an active material contaminating the pre- 
paration examined. 


Physical properties. The relative viscosity (n) of a 
05% solution of the H substance in 0-85 % saline 
was 1-31. The mean value of the specific rotation of 
the most active preparations of the H substance, 
was [%];4g, — 30 + 3° in water (c, 1-0). 

The ultraviolet absorption of the H substance 
(0-1 % in 0-85 % sodium chloride) was examined in 
a Hilger quartz spectrophotometer (Uvispek) using 
optical cells 2cm. deep. The absorption curve 
(Fig. 2) shows that no absorption maxima occur 
between 220 and 300 mz. 

Chemical properties. A precipitate was not formed 
when a 2% aqueous solution of the H substance is 
treated with any of the usual protein precipitants. 
The biuret, ninhydrin, xanthoproteic, Millon, 
Hopkins-Cole, Seliwanoff and Bial tests were 
negative. Ehrlich’s diazosulphanilic acid test was 
faintly positive as was Sakaguchi’s test for arginine. 
The addition of alkaline copper sulphate to a solu- 
tion of the H substance, as in the biuret test, gave 
rise to a voluminous precipitate. 

The analytical figures for the pooled specimen of 
H substance (Table 3, fractions 26, c and d) isolated 
from cyst no. 93 are: C, 41-4; H, 6-9; N, 53% 
(Kjeldahl). The phosphorus content is less than 
002%, and the sodium fusion test for sulphur 
indicates that this element is not present in appreci- 
able amounts. 

The acetyl content of the H substance is 8-7 % 
(6 hr. hydrolysis) and is in excess of that required 
for the N-acetylhexosamine calculated to be present 
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from the total hexosamine value. The distillates 
obtained from the acetyl determinations were 
neutralized and were used to identify the volatile 
organic acid as an S-benzylthiouronium salt 
(Donleavy, 1936). The S-benzylthiouronium salt 
obtained after recrystallization from 80% ethanol 
melted at 134° and gave a mixed m.p. of 136° with 
an authentic specimen of S-benzylthiouronium 
acetate (m.p. 136°). 

The total fucose content of the H substance was 
rather more than 14%. Under the conditions used 
for the determination of N-acetylglucosamine 
(Morgan & Elson, 1934; Aminoff, Morgan & 
Watkins, 1952) the H substance gave a colour with 
Ehrlich’s reagent. The maximum colour developed 


15 


Extinction (E1%) 





oO 240260 280 300 320 340 
Wavelength (mu.) 
Fig. 2. The ultraviolet absorption spectrum of H substance 
(0-1 % solution in 0-85 % NaCl). 


by the H substance after heating at 100° for 12 min. 
with dilute sodium carbonate at pH 10-8 (optimal 
heating conditions), was equivalent to about 7-5% 
(unextrapolated value) of the colour given by an 
equal weight of N-acetylglucosamine. N-acety]l- 
glucosamine requires 4 min. heating to develop its 
maximum colour under the same conditions. 

The H substance after heating with dilute 
sodium carbonate for 16 min. at 100° was dialysed 
through well washed cellophan against distilled 
water at 0°. The diffusate gave an immediate colour 
with Ehrlich’s reagent, whereas the indiffusible 
residue gave no appreciable colour (cf. King & 
Morgan, 1944; Morgan, 1946 Annison & Morgan, 


1952). 


Oxidation of the H substance with periodate 


The rate of reduction of periodate by the H sub- 
stance at pH’s 5-0 and 7-3 was measured by the 
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techniques employed by Aminoff & Morgan (1951) 
in similar experiments with the human A substance. 

Oxidation at pH 5-0. Asolution (0-1 %) of the H substance 
in 0-1m-acetate, pH 5-0, was treated with 0-005m-HIO,. 
The rate of reduction of periodate and the loss of biological 
activity of the substance were determined. The results 
(Fig. 3) indicate that the rate of reduction of periodate at 
pH 5-0 by H substance is similar to that found for the A and 
Le* substances. The biological activity of the H substance, 
however, is destroyed much more rapidly than the activity 
of the A and Le® substances under similar conditions. The 
analytical results, corrected for over-oxidation by extra- 
polating the uptake curve to zero time, show that 1 mg. 
of the H substance reduces 0-277 x10-> mole of HIQ,, 
and hence about 362g. of H substance reduces 1 mole 
of dIO,. 
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Fig. 3. The rate of reduction of periodate by H substance at 
pH 5-0 (curve A) and pH 7-3 (curve B). The resulting 
inactivation at pH 5-0 as determined by the capacity of 
the oxidized material to inhibit the agglutination of O 
cells by anti-H agglutinin (curve C). 


Oxidation at pH 7-3. The rate of reduction of periodate is 
greater at pH 7-3 than it is at pH 5-0 (Fig. 3). The uptake 
curve shows a less definite inflexion after 2 hr. and the 
periodate consumption continues steadily for several days. 
The serological activity of the substance is lost at approxi- 
mately the same rate as at pH 5-0 (Fig. 3). 


Hydrolysis of the H substance by acid 


The H substance was hydrolysed in sealed glass 
ampoules at 100° with (a) 0-5N-HCl, (b) 6N-HCl and 
(c) N-acetic acid, as described for the Le* substance 
(Annison & Morgan, 1952). 

The course of hydrolysis with 6N-HCl was followed by 
measuring the «-amino N and the «-amino-acid N liberated. 
The results (Fig. 4) show that the liberation of «-amino N 
reaches a maximum in about 4 hr. and then represents 88 % 
of the total N of the H substance, whereas the «-amino-acid 
N after 16 hr. hydrolysis is equivalent to about 41 % of the 
total N. The «-amino N value includes the N liberated from 
the amino sugars set free during hydrolysis. 

The liberation of reducing sugars and hexosamines was 
followed by an examination of the products of hydrolysis 
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with 0-5N-HCl. The results (Fig. 5) show that the maximum 
liberation of reducing sugars, 54% expressed as glucose, 
and of hexosamines, 31% expressed as glucosamine base, 
occur at about the same time (6 hr.). 
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Fig. 4. Hydrolysis of H substance by 6N-HCl at 100° as 
determined by the liberation of x-amino groups (curve A), 
and «-amino-acids (curve B). 


0 


50 





Percentage reduction (A), hexosamine (B) 
Ww 
So 


rr a a Ge ae a a ee 
Hydrolysis time (hr.) 


Fig. 5. Hydrolysis of H substance by 0-5N-HCl at 100° as 
determined by (A) reducing power, expressed as glucose 
and (B) hexosamine liberated, expressed as glucosamine 
base. 


The H substance was hydrolysed with n-acetic acid at 
100°, and the rate and extent of liberation of fucose, reducing 
sugars and N-acetylhexosamine residues determined. The 
results (Fig. 6) show that a maximum value of about 13% 
fucose determined as acetaldehyde after oxidation with 
periodate is obtained after 20 hr. hydrolysis and a maximum 
value for reducing sugars is reached at about the same 
time. There is an appreciable increase in the amount 
of ‘N-acetylhexosamine’ colour given by the H substance 
during the first 2hr. of the hydrolysis period. After 
this time the original value of 7-5% expressed as N- 
acetylglucosamine, reaches a maximum value of 8-8% and 
then decreases. 
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Treatment with N-acetic acid at 100° rapidly inactivates 
the H substance and at the same time induces the formation 


of a product which possesses the property of reacting with 
horse anti-pneumococcal type XIV serum. 
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Fig. 6. Hydrolysis of the H substance by n-acetic acid at 
100° as determined by (A) reducing power, expressed as 
glucose, (B) fucose, determined as acetaldehyde after 
oxidation with periodate and (C) ‘ N-acetylhexosamine’ 
colour. 


Chromatographic analysis of the H substance 


A detailed investigation of the sugar and amino- 
acid components of the H substance was made by 
the usual techniques of partition chromatography 
on paper. The experimental procedures employed 
were the same as those described for similar work 
with the Le* substance (Annison & Morgan, 1952). 


Amino-acids. Two-dimensional paper chromatographic 
analysis of 6N-HCl hydrolysates of the H substance re- 
vealed that the amino-acid content of the material was 
indistinguishable from that of the A and Le® substances 
(Aminoff et al. 1950; Annison & Morgan, 1952). The amino- 
acids identified on paper were as follows: lysine, arginine, 
aspartic acid, glutamic acid, glycine, serine, alanine, threo- 
nine, proline, valine and leucine (isoleucine). 

Amino sugars. The presence of chondrosamine, in addition 
to glucosamine in the A substance, was first shown by 
Aminoff & Morgan (1948). Similar experiments established 
that both amino sugars were components of the H substance; 
similar findings uave been reported for the Le* substance 
(Annison & Morgan, 1952). 

Sugars. p-Galactose and L-fucose were shown to be com- 
ponents of the H substance as described by Annison & 
Morgan (1952) for the Le® substance. 


Isolation of the component sugars and amino sugars 


Sugars. The H substance (500 mg.) was hydrolysed with 
0-5x-HCl and the product, after neutralization, run on a 
cellulose column according to the general procedure of 
Hough, Jones & Wadman (1949), using the solvent system 
1:1 n-butanol/2 % (v/v) acetic acid-water. 
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L-Fucose diphenylhydrazone. The fucose obtained from 
the column was dissolved in water (2 ml.), and glacial acetic 
acid (0-2ml.) and freshly distilled diphenylhydrazine 
(60 mg.) added. The solution was allowed to stand overnight 
in the dark and at room temperature and was then cooled, 
when 30mg. of needle-shaped crystals separated. The 
derivative was twice recrystallized from 95% (v/v) ethanol 
and 17 mg. of material melting at 200° were finally obtained. 
Mixed m.p. with authentic fucose diphenylhydrazone 
(Muther & Tollens, 1904) remained unchanged. (Found: 
C, 66-1; H, 6-8; N, 8-6. Calc. for C,,H.0,N, : C, 64-7; H, 6-7; 
N, 85%.) Optical rotation [x], — 14° in pyridine (c, 1). 

D-Galactose «-methylphenylhydrazone. The fractions 
issuing from the column which contained galactose were 
evaporated to dryness in vacuo at about 30°. The residue was 
dissolved in water (2 ml.), and freshly distilled «-methyl- 
phenylhydrazine (0-1 ml.), ethanol (2 ml.) and 10% (v/v) 
acetic acid (0-1 ml.) were added. The mixture was kept at 
37° for 2 hr. and overnight at 0°. p-Galactose «-methyl- 
phenylhydrazone (54 mg.) separated, and after recrystalliza- 
tion from 30% ethanol gave 48mg. of needle-shaped 
crystals m.p. 191°. Mixed m.p. with authentic p-galactose 
«-methylphenylhydrazone 190°. (Found: C, 52-2; H, 6-9; 
N, 9-7. Cale. for C,;H,03N.: C, 54-9; H, 7-0; N, 9-9%,.) 

D-Galactose «-methylphenylhydrazone pentaacetate. Gal- 
actose «-methylphenylhydrazone (19 mg.) was suspended in 
1 ml. of dry pyridine, and 0-2 ml. of acetic anhydride added 
at 0° according to the method of Wolfrom & Christman 
(1931). The mixture was allowed to stand overnight at 0°, 
and, with frequent shaking, at room temperature for a 
further 24 hr. The solution was then poured into excess 
chilled water and the white crystalline material which was 
thrown out of solution was collected and washed thoroughly 
with water. The material after recrystallization from 50% 
ethanol gave 29 mg. of D-galactose «-methylphenylhydra- 
zone pentaacetate, m.p. 138-140° without decomposition. 
Mixed m.p. with authentic specimen of the pentaacetate 
remained unchanged. Specific rotation [«])+38+3° in 
95 % (v/v) ethanol (c, 1.) 

2:4-Dinitrophenyl (DN P) amino sugars. The amino sugar 
components of the H substance were separated and identi- 
fied as their 2:4-dinitrophenyl derivatives by partition 
chromatography on kieselguhr columns using the solvent 
system 30% amyl alcohol-CHCl,/0-2m-potassium borate, 
pH 9-7 (Annison, James & Morgan, 1951). Two 100 mg. 
samples of the H substance isolated by the use of pepsin were 
hydrolysed for 16 hr. at 100° with 0-5N-HCl in an atmo- 
sphere of Ng. The products were condensed with 1-fluoro-2:4- 
dinitrobenzene and the resulting amino sugar derivatives 
separated and isolated. The results obtained with the two 
samples were: (1) Total yield of DNP amino sugars, 79%. 
DNP-glucosamine, 23-4mg.; DNP-chondrosamine, 20-7 mg. 
Ratio, glucosamine: chondrosamine, 1:0-89. (2) Total yield 
of DNP amino sugars, 71%. DNP-glucosamine, 22-3 mg.: 
DNP-chondrosamine, 20-2 mg. Ratio, glucosamine :chon- 
drosamine, 1:0-91. The yields of DNP amino-sugars were 
estimated colorimetrically. 

N-2:4-Dinitrophenyl-p-chondrosamine. A part of the 
DNP-chondrosamine, obtained in Exps. 1 and 2 above, was 
pooled and recrystallized from acetone-water and then 
acetone. Yield, 9-2 mg., m.p. 178-180° (uncorr.), mixed 
m.p. with an authentic sample of DNP-chondrosamine, 
179-181° (uncorr.). Specific rotation observed: [a]s461 
+80+4° in 80% (v/v) ethanol (c, 1). (Found: C, 41-9; 
H, 4:7; N, 11-9. Cale. for C,,H,,0,N,: C, 41-7; H, 4-4; N, 
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12-2%.) [o]sag, +84+3° in 80% (v/v) ethanol (Annison 
et al. 1951). 

N-2:4-Dinitrophenyl-p-glucosamine. A mixed specimen of 
DNP-glucosamine (61 mg.) obtained from a number of pre- 
parations of H substance was crystallized from acetone- 
water and from acetone-light petroleum (b.p. 69-80° range). 
Yield 12-2 mg., m.p. 197-200° (uncorr.). Optical rotation 
[o]s1e. + 66+4° (c, 1% in 80% (v/v) ethanol). (Found: C, 
41-9; H, 4-3; N, 11-9. Calc. for C,,H,,O,N; : C, 41-7; H, 4-4; 
N, 12:2%.) [a]5g: + 65+3° in 80% (v/v) ethanol (Annison 
et al. 1951). 


Partial hydrolysis of the H substance 


H substance (50 mg.) was hydrolysed with n-acetic acid 
at 100° for 48 hr. in sealed glass ampoules and the products 
were dialysed in a thoroughly washed cellophan bag for 
7 days at 0° against frequent changes of distilled water. The 
diffusates were stored at 0° in the presence of a few drops of 
CHCl, until the dialysis was complete. The total diffusates 
were then mixed together, concentrated to small volume 
and dried from the frozen state. The non-diffusible contents 
of the cellophan bag were likewise dried. The diffusible 
material (about 19 mg.) was obtained as a hygroscopic glass, 
the non-diffusible material (16 mg.) as a light brown friable 
solid. Fucose, galactose, an N-acetylhexosamine and traces 
of glucosamine and chondrosamine were detected in the 
diffusate by paper chromatography. The solvents employed 
in this experiment did not resolve a mixture of N-acetyl- 
hexosamines and the precise identity of the material giving 
the N-acetylhexosamine spot was not elucidated. The 
developed chromatogram of the diffusate when sprayed with 
aniline hydrogen phthalate revealed the positions of fucose 
and galactose only. The AgNO,-NH, reagent gave, in 
addition, three other spots due to slowly moving substances 
which presumably comprised partial hydrolysis products of 
the polysaccharide moiety of the H substance. Two of these 
three unidentified spots reacted also with the hexosamine 
reagent. The presence in the diffusate of an amino-acid or 
peptide which moved slowly in all the solvents used was 
revealed when the chromatograms were sprayed with 
ninhydrin. This spot and the other three unidentified spots 
were no longer present after the diffusate was hydrolysed 
further with 0-5n-HCl at 100° for 16 hr. Only fucose, 
galactose and glucosamine and chondrosamine, in what 
appeared to be approximately equal amounts, were detected 
in this hydrolysate. A part of the diffusate was hydrolysed 
further with 6N-HCl at 100° for 16 hr., and examined for 
amino-acids by two-dimensional paper chromatography. 
Traces of all the amino-acids present in the original material 
except leucine, proline and arginine were detected. The con- 
tents of the dialysis bag were examined chromatographically 
for sugars after hydrolysis with 0-5N-HCl. Fucose could not 
be detected in any of the chromatograms developed with the 
four solvent systems employed for sugar analysis. The 
presence of galactose and equal amounts of the two amino 
sugars was demonstrated. The qualitative composition of the 
indiffusible material in terms of amino-acids was found to be 
indistinguishable from that of the undegraded H substance. 


DISCUSSION 


The isolation of the blood-group H substance in an 
essentially homogeneous condition from human 
ovarian cyst fluids has allowed this immunologically 
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important material to be studied and identified as a 
mucoid which possesses properties very similar to 
those of the other human blood-group substances 
already described. 

The H substance sediments in the ultracentrifuge 
at a rate similar to that found for the blood-group A 
and Le* substances under the same conditions 
(Kekwick, 1950, 1952) and the diffusion constants of | 
the three materials are not grossly dissimilar. The 
particle weight of the H substance is of the order 


for the other two group substances. It may well be, 
however, that in their native state these materials 
have an even larger particle size. The specimens of 
H substance obtained possess a laevorotation of 
about — 30°, and in this respect differ from the A 
substance prepared from cyst fluids which has a 
positive rotation. Kabat, Bendich, Bezer & Beiser 
(1947), however, record laevorotations for a large 
number of group A preparations isolated by them 
from human saliva, stomachs and amniotic fluids. 
The H substance contains the sugars L-fucose, D- 
galactose, p-glucosamine and p-chondrosamine and 
11 amino-acids, and indeed is so far indistinguish- 
able on qualitative grounds from the A and Le* 


} 
320 000 and is thus somewhat larger than that found | 


reveals several differences in the quantitative make- 
up of the material compared with the other group 
substances. For example, the L-fucose content of 
the H substance appears to be not more than 14%, 
whereas this sugar is contained in the corresponding 
A mucoid to the extent of at least 18%. Similarly, 
the ratio of glucosamine to chondrosamine in the 
Le* substance is probably of the order 3 to 1, whereas 
these two amino-sugars are present in the H sub- 
stance in a ratio very close to 1. Differences in the 
quantitative composition of preparations of blood- 
group mucoids which show a single specificity, such 
as A or B or H, have been recorded in the literature, 
but it is obvious that significance cannot be 
attached to variations found in the amounts of a 
component sugar or amino-acid present in indi- 
vidual preparations unless it is known that these 
materials are essentially homogeneous on the basis 
of the results of physical, chemical, serological and 
immunochemical examination. There has been no 
opportunity so far of preparing from each of several 
cyst fluids specimens of group substance of a single 
specificity and established homogeneity and, until 
this has been accomplished, it would be inadvisable 
to express an opinion as to whether the recorded 
quantitative variations in the amounts of com- 
ponents do, in fact, establish that differences in 
composition occur in mucoids exhibiting similar 
blood-group specificity. 

H substance isolated -from cyst fluids by the 
methods described possesses no capacity to give @ 
specific precipitate when mixed with pneumococcal 


substances. Analysis of the H substance, however, | 
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type XIV horse serum. In this respect, therefore, 
the H substance behaves as do the blood-group A 
and B substances and does not show the pneumo- 
coccal type XIV activity found to be associated 
with the Le* substance prepared from cyst fluids 
under the same conditions. In our experience H 
substance isolated by a procedure which involves 
prolonged peptic digestion shows some reactivity 
with the pneumococcal type XIV antiserum. 

Partial hydrolysis of the group substances with 
weak acetic acid causes them to react with pneumo- 
coccal type XIV horse antiserum and thus to 
develop an overlapping specificity with the specific 
polysaccharide of this organism. This pronounced 
cross-reactivity suggests that the N-acetylhexos- 
amine-galactose chains which make up major 
structures within the polysaccharide moieties of the 
group substances are similar in pattern to each other 
and to the N-acetylglucosamine-galactose structures 
of the pneumococcus type XIV _ specific poly- 
saccharide. According to Kabat, Baer, Bezer & 
Knaub (1948) and Kabat (1949), the fucose mole- 
cules in the undegraded group substances shield the 
N-acetylglucosamine-galactose structures common 
to these materials and prevent the cross-reactivity 
with the pneumococcal type XIV antiserum. The 
reactivity of the undegraded Le* substance and the 
inactivity of the A and H substances with pneumo- 
coceal type XIV serum could perhaps be explained as 
a consequence of the higher glucosamine-chondros- 
amine ratio in the Le* substance compared with the 
other group materials, with the result that the 
larger number of cross-reacting structures present 
cannot be adequately screened from the pneumo- 
coccal type XIV antibody by the fucose molecules, 
which presumably protrude from and in part 
dominate the essential surface configuration of the 
group substance. 

Hydrolysis of the H substance with acetic acid 
rapidly liberates the whole of the fucose component, 
and it is of interest to record that to bring about a 
loss of half the original group specific activity shown 
by preparations of H, Le* and A substances it is 
necessary to heat them with n-acetic acid for 15 min. 
60 min. and about 150 min. respectively. The more 
rapid loss of group specific serological activity 
shown by the H substance is, therefore, probably 
correlated with the more ready liberation of fucose 
from the material. 

The exact genetical relationship of the H sub- 
stance described to the blood-group substances A 
and B is not yet clear. According to a theory pro- 
posed by Hirszfeld & Amzel (1940) and modified by 
Morgan & Watkins (1948) and by Boorman, Dodd & 
Gilbey (1948) the genes A, B and O are formed from 
a primary gene H by progressive mutations. 
Between the original gene form H and the com- 
pletely mutated genes A, B and O there exists a 
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series of transitional gene forms which give rise to 
A and H, B and H, and O and H substances on the 
surface of the A, B and O erythrocytes respectively. 
If a person possesses a single or double dose of 
Schiff’s secretor gene, S, then the secretions will 
similarly contain A and H or B and H substances. 
As far as it is possible to determine at present there 
is no appreciable amount of a water-soluble sub- 
stance which possesses group O character in the 
secretions of persons belonging to group O. The 
secretions from group O individuals are therefore 
found to possess H substance only. The hypothesis 
implies that when mutation is complete, gene forms 
designated A,, B, and O, arise which are without an 
H gene component. It is in the serum of a person 
whose gene forms are devoid of H character that one 
would expect to find an anti-H agglutinin. This 
agglutinin, which is found very rarely, is neutralized 
in its action on group O cells by the human H sub- 
stance. We have encountered two human sera which 
possessed useful anti-H agglutinins, one derived 
from a person belonging to group A and the second 
from a person belonging to group B. The cells of 
both individuals failed to react at room temperature 
with anti-H sera and therefore the erythrocytes 
seemed to be devoid of H substance as would be 
anticipated by the hypothesis. Evidence that the 
H gene was absent from the chromosome was sought 
by examining the donor’s saliva for A and H, and 
B and H substances, respectively. Both persons 
were, however, found to be Lewis positive and non- 
secretors. Thus additional and essential evidence for 
establishing the absence of the H gene, by demon- 
strating the absence of a product of its activity, 
could not be obtained. 

It is evident that if this hypothesis of the in- 
heritance of the blood-group characters, based as 
it is on the activity of transitional gene forms, is 
correct then there are many far-reaching theoretical 
and practical consequences to consider, especially 
from the point of view of those engaged in the isola- 
tion and characterization of the blood-group sub- 
stances. Perhaps the most important one at this 
stage in the development of the subject is to deter- 
mine if the product of the activity of transitional 
genes—such as A, when present in homozygous 
form (A,A,)—is a single substance which possesses 
two distinct serological characters, A and H, or 
whether the products are two distinct substances 
each possessing a single serological specificity, 
A or H. 

There remains the possibility that the H character 
is the result of the presence of a genetically inde- 
pendent blood-group system H-h. In the event of 
this being so it will be necessary to account for the 
undoubted influence of the A, B and O genes on the 
quantitative manifestation of the H character of 
erythrocytes, and on the amount of water-soluble H 
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substance in secretions. Predictions inherent in 
these hypotheses are open to a measure of experi- 
mental proof and attempts are now being made to 
obtain evidence for or against the ideas put forward. 


SUMMARY 


1. Methods for the isolation and purification of 
the human blood-group H substance from ovarian 
cyst fluids are described. 

2. The H substance is a laevorotatory mucoid 
which contains about 5-3 % nitrogen and is similar 
in general composition and properties to the 
mucoids which are responsible for the human blood- 
group A, B and Lewis (Le*) characters. 

3. The H substance obtained is somewhat poly- 
disperse, but is essentially homogeneous with 


respect to certain physical, chemical immuno- 
chemical and serological properties. 

4. t-Fucose, D-galactose, pD-glucosamine, p- 
chondrosamine and 11 amino-acids have been 
identified as components of the H substance. 

5. The acid hydrolysis products contain 14% 
fucose, 54% reducing substances, expressed as 
glucose, and 31% hexosamine. The «-amino-acid 
nitrogen is equivalent to about 41%, and the 
a-amino nitrogen to 88 % of the total nitrogen. 

6. Possible relationships between the products of 
the A, B and O genes and the H substance are dis- 
cussed. 


The authors thank the University of London for a grant to 
purchase the Uvispek spectrophotometer used and one of us 
(E.F.A.) is indebted to the Medical Research Council for a 
Studentship. 
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ADDENDUM 


Physicochemical Examination of Blood-Group H Substance 


By R. A. KEKWICK 
The Lister Institute, London, S.W. 1 


(Received 31 January 1952) 


The H substance was examined in the electro- 
phoresis apparatus and ultracentrifuge, and in 
addition the partial specific volume and diffusion 
constant were determined. 


METHODS 


Electrophoresis. The material was examined in a Tiselius 
electrophoresis apparatus at 0°, using the diagonal schlieren 
optical system and monochromatic light, 4=546 mz., 


: Te) 
; e4 re 
Eki Lp 
a <————_—___—_ 
Descending (cathode) Ascending (anode) 


Fig. 1. Sedimentation diagram and electrophoresis patterns 
of blood-group H substance. (a) Sedimentation after 
60 min. at 270000 g. 1% (w/v) in phosphate-NaCl. 
(Phosphate, pH 8, J=0-2; NaCl, 0-15m.) (6) Electro- 
phoresis pattern after 180 min. at 5 V./em. of 2% (w/v) 
solution in phosphate, pH 8, J=0-2. (c) Electrophoresis 
pattern after 220 min. at 5 V./em. of 2% (w/v) solution 
in acetate, pH 4, J=0-1. Lower arrows show direction of 
migration in both (b) and (c). 


isolated from a mercury arc by a suitable filter. As the main 
object of this examination was to detect any traces of con- 
taminating substances of high molecular weight, solutions of 
salt-free material were made up in suitable buffers to give a 
concentration of 2 g./100 ml., and dialysed against buffer 
overnight. 

Sedimentation. The ultracentrifugal examination was 
carried out in a Svedberg oil turbine machine at 60 000 rev./ 
min. (270 000 g) using an optical system similar to that of 


the electrophoresis apparatus. The variation of sedimenta- 
tion constant with concentration was examined over a 
limited concentration range. Solutions were made up in 
suitable buffers and sufficient NaCl added to suppress any 
charge effect on sedimentation. 

Diffusion. The diffusion measurements were made by 
Dr A. G. Ogston, using the method of Coulson, Cox, Ogston 
& Philpot (1948). Values for the diffusion constant and 
sedimentation constant were corrected to water at 20° 
(Svedberg & Pedersen, 1940). 

Partial specific volume. This was determined pykno- 
metrically at 25°, the substance being dissolved in the buffer 
used for the majority of the sedimentation constant 
measurements, 


RESULTS 


In acetate buffer, pH 4, J=0-1, after prolonged 
electrophoresis only one component was demon- 
strable. At pH 4 the boundaries were symmetrical 
and showed very little spreading. At pH 8 the 
ascending boundary was symmetrical though the 
apex of the peak exhibited a slight flattening, and 
the descending boundary was asymmetrical (Fig. 1). 
The spreading of both boundaries at pH 8 was con- 
siderably greater than at pH 4. Migration in each 
instance was anodic, but very slight at pH 4. 


Table 1. Sedimentation and diffusion constants 
of H substance 


(Sedimentation and diffusion constants corrected to 
water at 20° (Svedberg & Pedersen, 1940).) 


Concentration Sop x 10% Day x 10? 
(g-/100 ml.) (corr.) (corr.) 
0-50 6-64 
0-75 6-04 — 
1-00 5-21 1-21 


In the ultracentrifuge at pH 8 only one com- 
ponent was present, and the peak remained re- 
latively sharp even after 90 min. at 270 000g ina 
1 % (w/v) solution, and at 0-5 % (w/v) a satisfactory 
peak was present after 60 min. at 270 000g. The 
sedimentation constant was determined at three 
concentrations and the data of Table 1 show that 
there is a marked variation of sedimentation con- 
stant with concentration. 

Included in Table 1 is a value for the diffusion 
constant kindly measured by Dr A. G. Ogston. The 
partial specific volume of the substance was 0-636. 
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From the sedimentation and diffusion constant 
values obtained in a solution containing 1 g./ 
100 ml. H substance, and using the determined 
value of the partial specific volume, the molecular 
weight was calculated from the usual equation 
(Svedberg & Pedersen, 1940) giving a value of 
320 000. From the same data the frictional ratio 
Jif, obtained was 4-2. This corresponds to an axial 
ratio of > 100, or may be interpreted as indicating 
a high degree of hydration. 


DISCUSSION 


The data indicate that electrophoretically the sub- 
stance is essentially homogeneous, which means 
that the nitrogen in the preparation is not attribut- 
able to a protein contaminant but is an integral part 
of the molecule. 

For a substance of molecular size 320000 
associated with the observed large frictional ratio 
which is reflected in the concentration dependence 
of the sedimentation constant, a rather sharper 
boundary would be expected to be maintained 
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throughout sedimentation if the substance was 
strictly monodisperse. The molecular size appears 
to be rather higher than that previously reported 
for blood-group A substance (Kekwick, 1950) and 
Le? substance (Kekwick, 1952), and there is evidence 
of a higher degree of molecular asymmetry. 

The conclusion must probably be drawn that the 
substance is moderately polydisperse, but the data 
are insufficient to give a precise expression of the 
range and distribution of molecular size in the 
preparation. 

SUMMARY 


1. The blood-group H substance has been found 
essentially homogeneous electrophoretically. 

2. The mean molecular weight of the substance 
calculated from sedimentation and diffusion data is 
320 000 and the frictional ratio 4-2. 

3. The substance is probably moderately poly- 
disperse and the molecular shape highly asym- 
metrical. 


I wish to acknowledge the technical assistance of Mr H. 
Murray. 
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Since Dickens (1941) showed that 90% or more of 
the citric acid of the body was located in the 
skeleton, and Class & Smith (1943) demonstrated 
its presence in various body concretions, evidence 
has been accumulating that this substance plays an 
important part in the metabolism of bone. A con- 
nexion between calcium and citric acid was estab- 
lished when Pincus, Peterson & Kramer (1926) 
found that these substances formed a soluble 
complex which is assumed to account for the non- 
ionizable part of the diffusible fraction of serum 
calcium. Gomori & Gulyas (1944) showed that 


citrate injections in dogs made serum calcium more 
ultrafiltrable so that a rapid urinary excretion of 
calcium took place, and similar results were ob- 
tained in dogs by Chang & Freeman (1950). A rise in 
serum calcium caused by parathormone was shown 
by Alwall (1944) to be accompanied by a rise in 


serum citrate, and in Gomori’s experiments, in 
which dogs were injected with citrate, microscopic 
examination of the bone showed a picture similar to 
that observed after toxic doses of parathormone. 
The connexion between serum calcium and citrate 
was further established by Freeman & Chang (1950). 
These authors found that high doses of vitamin D 
administered to dogs raised not only the serum 
calcium but also the serum citrate, and suggested 
that this was due to increased liberation of these 
substances from the bone reservoir. A possible 
explanation for the presence of citrate in bone was 
indicated by the work of Kuyper (1938), who 
showed that the precipitate of calcium, phosphate 
and citrate formed in vitro in the presence of suitable 
concentrations of these-substances is actually a 
complex such as may exist in bone. He also found 
that the solubility of the precipitate was increased 
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by the presence of citrate and magnesium in the 
solution. 

The facts make it seem likely that calcification 
mechanisms may be influenced by the amount of 
citrate present in the circulating fluids and at the 
site of calcification. A study in bone of the enzyme 
systems concerned with the well known citric acid 
eycle seemed of interest in elucidating the role of 
citric acid in this tissue. Thus the enzymes concerned 
with the formation and further conversion of citric 
acid, namely citrogenase, aconitase and ‘socitric 
dehydrogenase, were studied in different bone 
regions. The effect of citric acid on the én vitro calci- 
fication of tibia slices from rachitic rats was also 
investigated. 


EXPERIMENTAL 


Calcification of bone slices from rachitic rats. The young 
white rats used were maintained on the ‘Glaxo’ rachito- 
genic diet for 14 days and then sacrificed. Immediately 
after death the tibiae were dissected out and scraped free of 
adhering tissue. Thin sagittal sections were then cut and 
incubated in the solution containing calcium and phosphate, 
with or without the addition of Mg or citrate. The basal 
solution contained NaCl, 0-075m; NaHCO,, 0-022m; KCl, 
0-005; CaCl, , 0-002M; sodium phosphate buffer, 0-0017 Mm, 
pH 7-4. This gives concentrations of Ca =8 mg./100 ml. and 
P=5 mg./100 ml. After incubation at 37° for the desired 
period, the slices were removed, washed in distilled water, 
and then stained with 1% (w/v) AgNO,, washed, and 
allowed to blacken under the influence of light. With each 
pair of experimental sections two control sections were 
run, one incubated in the basal medium alone, and one in 
the same solution without Ca or P. 

Preparation of tissues for enzyme experiments. For 
aconitase estimation the tissues were ground in a mortar 
with washed silver sand and 10 ml./g. of 0-05 m-phosphate, 
pH 7-4, and the centrifuged extract was used for determina- 
tion of the enzyme content. In agreement with the results of 
Johnson (1939), the aqueous extract was found to contain 
practically all the activity of the whole tissue. Although 
there was a possibility that phosphate might, by its affinity 
for calcium, tend to prevent extraction of the enzyme from 
the bone, phosphate buffer and 0-9 % NaCl solution were, in 
fact, found to extract the same amount of aconitase. It was 
convenient to use extracts, since they contained only small 
amounts of citric acid compared with the whole bone, and 
thus did not tend to obscure the enzymic formation from 
cis-aconitate. 

When citrogenase or isocitric dehydrogenase were being 
estimated, the kidney and liver were finely minced, and the 
bone was chopped as uniformly and finely as possible. iso- 
Citric dehydrogenase was demonstrated qualitatively by 
the use of sliced bone, but attempts to show the enzyme in 
bone brei or extracts were completely unsuccessful. It was 
therefore concluded that excessive destruction of the tissue 
led to breakdown or inactivation of the small quantities of 
enzyme present in bone. For this reason, in subsequent 
quantitative experiments, chopped bone was employed, 
since the physical properties of the rabbit bones used 
prevented the cutting of slices. Experiments on the optimal 
conditions for the demonstration of the citrogenase content 
of the tissues also led to the conclusion that the minimum of 
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destruction gave the best results. For example, in an experi- 
ment with rat liver, the following results were obtained: mg. 
citric acid formed/g. tissue (a) finely minced, 7-5; (b) whole 
homogenate, 5-0; (c) supernatant after centrifugation of 
homogenate, 0-7; (d) residue resuspended, 1-1. Minced 
tissue was used rather than slices so that a comparison could 
be made with the activity of bone. 

Rabbit tissues were obtained from animals weighing 
about 600-700 g. The tissues studied were the kidneys, 
liver, red marrow, newly calcified metaphysis with the bony 
trabeculae, epiphyseal line cartilage and diaphyseal cortex 
of the tibiae and femora. After dissection, histological 
examination of the parts used showed that the portion 
described as metaphysis consisted mainly of bony trabe- 
culae, which showed some cartilage inclusions, and a slight 
contamination with the cartilage of the epiphyseal plate. 
The epiphyseal cartilage portion consisted of the remainder 
of the epiphyseal plate, with a few bony trabeculae attached 
to the part opposite the metaphysis. The marrow and cortex 
specimens were uncontaminated by other tissue. 

Estimation of citrogenase activity of tissues. The method 
used for estimation of the enzyme system which forms 
citrate from oxaloacetate and acetate was based upon the 
technique of Stern & Ochoa (1951). These authors point out 
that the reaction involves the conversion of acetate to 
acetyl phosphate, the transfer of the acetyl group to form 
acetyl-coenzyme A, and the final condensation of the acetyl 
group with oxaloacetic acid to form citric acid. In the 
present investigation the system as a whole was studied, and 
is referred to for convenience as ‘citrogenase’. 

The animals were killed by stunning and bleeding, and 
samples of 0-100 g. of finely minced kidney, liver and 
marrow, and about the same weight of chopped bone, were 
used for the experiments. The incubation medium consisted 
of 2 ml. of a solution containing sodium acetate, 0-01M; 
KCl, 0-1m; MgSO,, 0-003Mm; phosphate, pH 7-4, 0-005m; 
cysteine, 0-01M; adenosinetriphosphate (ATP), 0-002M; 
oxaloacetate, 0-01 Mm. The final pH of the reaction mixture 
was brought to 7-4. In the control experiments the oxalo- 
acetate was replaced by 0-01 M-acetate, so that when bone 
was used extraction of the tissue citrate during the incuba- 
tion took place to the same extent in the control as in the 
experimental tubes. The weighed tissue was added to the 
medium and incubated at 28° for 1 hr. with constant agita- 
tion. It was shown experimentally that even with an active 
tissue like kidney the rate of formation was essentially 
constant during the first hour. The reaction was stopped by 
the addition of 1 ml. of 25% (w/v) trichloroacetic acid 
(TCA), and the supernatant after centrifugation was used 
for citrate determination. In the case of the bone, in order to 
demonstrate the formation of relatively small amounts of 
citrate in the presence of the large amounts contained in the 
tissue, after incubation the tubes were cooled in ice and 
centrifuged. The supernatant, together with water with 
which the residue had been further washed, was then treated 
with TCA as above. Duplicate experiments showed that 
this method gave a sufficiently uniform and small extraction 
of the bone citrate to enable the formation of citric acid in the 
supernatant by the enzyme reaction to be estimated. It was 
also found that when bone was first boiled to inactivate its 
enzymes, no citrate formation was observed by this method. 
In view of the low bone citrogenase activity observed, it was 
thought possible that the system might be lacking in 
coenzyme A (see Stern & Ochoa, 1951). Therefore, in one 
series of experiments, coenzyme A powder prepared from 
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pigeon liver, and shown by activation of sulphanilamide 
acetylation to have an activity of 1-4 units/mg. (Kaplan & 
Lipmann, 1948), was added to the medium. However, little 
if any increased citrate formation was observed and there- 
fore coenzyme A was not employed in subsequent experi- 
ments. 

Estimation of aconitase activity of tissues. The method of 
estimating aconitase activity was based upon that of 
Johnson (1939). cis-Aconitic anhydride was prepared by 
the method of Anschiitz & Bertram (1904) and neutralized 
with NaHCO, in the coldimmediately before use. The sample 
thus prepared contained no citric acid. For aconitase 
estimation, 0-5 ml. of the centrifuged tissue extract was 
incubated at 37° with 0-5 ml. of a solution containing the 
equivalent of 1 mg. of cis-aconitic anhydride. The period 
chosen was such that not more than 50 % of the cis-aconitate 
had been converted to citrate, in the case of the bone, 1 hr., 
and for the soft tissues, 10min. After incubation, the 
reaction was stopped by the addition of 0-5 ml. of 25% 
(w/v) TCA and the resulting solution was used for citric acid 
determination. 

Estimation of isocitric dehydrogenase activity of tissues. 
Our first successful qualitative demonstrations of isocitric 
dehydrogenase activity in bone were carried out according 
to the technique of Follis & Berthrong (1949). Thin free-hand 
sections of freshly dissected rat bone (humerus was found to 
be the most suitable because of the strong trabeculae in the 
epiphysis) were cut to include the epiphysis, epiphyseal line 
and the metaphysis. The sections were incubated anaerobic- 
ally on a microscope slide at 37° with 0-1M substrates dis- 
solved in physiological saline solution (Robinson, 1949). 
Dehydrogenase activity was observed in a low-power 
microscope by the reduction of either methylene blue, with 
which the sections had been previously treated, or tripheny]- 
tetrazolium chloride contained in the solution (1 mg./ml.), 
the latter forming a red insoluble compound on reduction. 

Triphenyltetrazolium was then used for the quantitative 
determination of the enzyme according to the method of 
Kun & Abood (1949). Although the substrate for the enzyme 
is isocitric acid, the substance added to the medium in these 
experiments was citric acid. Since the tissues have been 
shown in other experiments (see below) to contain sufficient 
aconitase to ensure the establishment of the equilibrium 


citrate = cis-aconitate = isocitrate, 


this procedure was considered to be justified. To the weighed 
tissue (about 0-1 g.) were added 1-5 ml. of 0-05m-phos- 
phate, pH 7-4, 0-5 ml. of water or 0-2m-sodium citrate and 
0-5 ml. of 0-2 % (w/v) triphenyltetrazolium chloride. After 
mincing, the tubes were incubated at 37° with intermittent 
shaking for a suitable period, which was found to be 10 min. 
for the kidney and liver, and 2 hr. for the bone. After incu- 
bation the tubes were cooled in ice and 7 ml. of acetone were 
added to each and shaken. The mixture was centrifuged and 
the supernatant, after filtration if necessary, was used for 
comparison of colour intensity against an arbitrary stan- 
dard. The amount of reduced dye present was then read 
from a standard curve prepared from known amounts of 
triphenyltetrazolium, reduced under standard conditions 
by Na,S,0,.2H,O. By this method, a reproducible straight- 
line relationship between colour intensity and concentration 
was obtained. 

Oxidative removal of citrate by minced tissues. In the 
experiments on the oxidative removal of added citrate the 
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following technique was employed. To weighed samples of 
minced kidney or chopped bone 7-2 ml./g. of a physiological 
salt solution, pH 7-4 (Krebs & Henseleit, 1932), containing 
7 mg./ml. of citric acid, were added. The gaseous phase used 
was 5% (v/v) CO, in O, at atmospheric pressure, and the 
flasks were incubated at 37° with constant agitation for the 
desired period. The reaction was stopped by the addition of 
1 ml. of 25% (w/v) TCA, and after centrifugation the super- 
natant was used for citric acid determination. In the bone 
experiments the same technique of centrifugation before the 
addition of TCA was used as that described in the method for 
citrogenase. 

Estimation of the alkaline phosphatase content of tissues. 
The tissue was treated with 20 ml./g. of CHCl,-saturated 
water, ground with washed silver sand and allowed to 
autolyse overnight at 3°. The centrifuged extract was used 
for alkaline phosphatase determination by a method 
essentially similar to that of Shinowara, Jones & Reinhart 
(1942). 

Determination of citric acid. Citric acid was determined in 
the TCA extracts by the colorimetric method of Weil- 
Malherbe & Bone (1949). A standard curve was employed, 
and a standard was included with each determination. 


RESULTS 


Influence of citrate on the calcification of rachitic 
cartilage. Following the technique of Robison (1932) 
the influence of magnesium and citrate on the in 
vitro calcification of bone slices from rachitic rats 
was studied. The concentrations used were only a 
little higher than those normally occurring in blood. 
A number of experiments was performed, and 
typical results are given in Table 1. From these it 


Table 1. Inhibition of in vitro calcification of bone 
slices from rachitic rats by citrate and magnesium 


(Degree of calcification was graded from 0 (no calcifica- 
tion) to + + + + (complete calcification).) 


Calcification after 


8 hr. 17 hr. 
Basal medium oe af: cents 
Basal medium +5 x 10-4M-citrate 0 + 
Basal medium + 5 x 10-*m-citrate 0 + 
+1 x 10-3M-magnesium 
Basal medium +1 x 10-°m- ++ +++ 


magnesium 


can be seen that, although magnesium (as sulphate) 
at a level of 1 x 10-*m produced only a slight in- 
hibitory effect on calcification, sodium citrate at 
5x10-*m produced a marked inhibition. This 
amount of citrate, which is slightly greater than the 
normal level in blood, would be sufficient te form a 
complex with about 3 mg./100 ml. of the ionized 
calcium. Shipley, Kramer & Howland (1926) had 
previously shown that calcification is inhibited if 
calcium is supplied as calcium citrate. Here it is 
shown that the addition of citrate equivalent to a 
part only of the calcium has the same effect. 
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Citrogenase. Rat or rabbit kidney and liver were 
found to form citrate very readily under the con- 
ditions used, and, in one experiment with rat kidney, 
32 % of the oxaloacetate was converted into citrate, 
a figure higher than those usually reported in the 
literature (e.g. Green, Loomis & Auerbach (1948), 
18%). Much lower citrogenase activities were 
found in bone, and the comparison between these 
results and those for kidney and liver is given below. 


Table 2. Aconitase activities of rib parts 
of young rats 


Aconitase activity 
(mg. citric acid formed/g. 


Part of rib tissue/hr.) 
Bone 10-2 
Costochondral junction 18-3 
Cartilage 9-4 
Aconitase. Of the three enzymes of the citric 


acid cycle studied, aconitase was found in greatest 
amount in bone. In addition to the results obtained 
for kidney, liver and various parts of the bones of 
rabbits given below, it is of interest to mention that 
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content of citric acid in rabbit tissue. Enzyme activi- 
ties and citric acid contents of the various tissues are 
given in Table 4. Alkaline phosphatase is included 
for comparison. Citric acid contents of the kidney, 
liver and marrow were very low indeed, whereas 


Table 3. Dehydrogenase activities 
of rat humerus slices 


(Dye reduction observed under a low-power microscope. 
Dehydrogenase activities graded from 0 (no activity) to 
++++ (maximum activity).) 

Reduction of dye 


a 
Methylene  Triphenyl- 


Added 
substrate Condition blue tetrazolium 
None Aerobic 0 - 
None Anaerobic ~ + 
Acetate Anaerobic ~ - 
Citrate Anaerobic ++++ +++ 
Succinate Anaerobic +++ +++ 


considerable amounts were found in each of the bone 
regions studied, hard fully calcified cortex having 
the highest content. The citrogenase, aconitase, 
isocitric dehydrogenase and phosphatase activities 


Table 4. Citric acid content and enzymic activities of rabbit tissues 


(Citrogenase and aconitase activities expressed as mg. citric acid produced/g. tissue/hr. isoCitric dehydrogenase activity 
expressed as mg. isocitric acid decomposed/g. tissue/hr. calculated from dye reduction. Alkaline phosphatase activity 
expressed as mg. P liberated/g. tissue/hr. Number of determinations given in brackets after each figure.) 


isoCitric Alkaline Citric acid 

Tissue Citrogenase Aconitase dehydrogenase phosphatase (mg./g.) 
Kidney 2-12 (4) 133 (3) 2-05 (4) 3-78 (2) —- 
Liver 1-27 (4) 54 (3) 1-37 (4) 0-62 (2) — 
Marrow 0-26 (4) 8-6 (2) 0-014 (3) 0-99 (2) —_ 
Metaphysis 0-51 (3) 11-9 (2) 0-041 (4) 5-49 (2) 6-7 (4) 
Epiphyseal line cartilage 0-31 (4) 12-1 (3) 0-038 (3) 3-15 (2) 7-1 (4) 
Bone cortex 0-04 (3) 0-61 (3) 0 (4) 0-41 (2) 9-5 (4) 


the ribs of young rats, and the costochondral 
junctions in particular, were also shown to have a 
high aconitase activity (Table 2). Here, as with the 
rabbit bone, the actively calcifying region had a 
higher enzyme activity than either the bony or 
cartilaginous rib. 

isoCitric dehydrogenase. Bone slices produced 
considerable reduction of hydrogen-accepting dye 
when either succinate or citrate was present as a 
substrate. Typical results obtained with the 
humerus of a young rat are given in Table 3. The 
region in which reduction of dye first appeared was 
that in the immediate vicinity of the centre of the 
epiphyseal-line cartilage. As the experiment pro- 
ceeded the area of reduction extended to include a 
roughly circular area centred on the region where a 
change was first observed. The reduced form of 
triphenyltetrazolium chloride did not reoxidize in 
air as did that of methylene blue, and the former dye 
was therefore used in the quantitative experiments. 

Comparison of activities of citrogenase, aconitase, 
isocitric dehydrogenase, alkaline phosphatase and of 


of the metaphysis and epiphyseal cartilage are much 
greater than those of the cortex. In order to facili- 
tate comparison, the enzyme activity of the more 
active parts of the bone are given in Table 5 as 


Table 5. Ratios of enzyme activities in rabbit bone 
in kidney and liver 


(Number of determinations given in brackets after each 


a ae Citro- isoCitric de- 
Ratio genase Aconitase hydrogenase 

Metaphysis/kidney 0-25 (3) 0-096 (2) 0-023 (4) 

Epiphyseal line 0-16 (4) 0-096 (2) 0-017 (3) 
cartilage/kidney 

Metaphysis/liver 0:45 (3) 0-222 (2) 0-043 (4) 

Epiphyseal line 0-28 (4) 0-210(2) 0-025 (3) 
cartilage/liver 


fractions of the activity of the kidney and liver 
respectively. From this it can be seen that the citro- 
genase activities of the metaphysis and epiphyseal 
plate are about one-quarter and one-sixth re- 
spectively of the activity of the kidney, whereas the 
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isocitric dehydrogenase activities of the same 
tissues are only about one-fortieth and one-sixtieth 
respectively of the kidney value. The ratios for the 
aconitase lie somewhere between. It thus appears 
that in the bony tissues there is a relative excess of 
the citric acid-forming enzyme over the citric acid- 
removing enzyme, since the aconitase merely 
serves to establish the equilibrium 





citrate (89-5 %) =aconitate (4-3 %) 
=isocitrate (6-2 %) 
(Krebs & Eggleston, 1943). 

Oxidative removal of citrate. The very low level of 
isocitric dehydrogenase present in bone was con- 
firmed in experiments on the removal of added 
citrate. Whereas the kidney showed considerable 
activity by the method used (disappearance of 
added citrate after 1 hr., 29%; after 2 hr., 43%; 
after 4hr., 61%) no continued removal by bone 
could be demonstrated (disappearance of added 
citrate: after lhr., 10%; after 2 hr., 10%; after 
4hr., 10%). The small initial disappearance of 
citrate was evidently due to the activity of the 
aconitase present, which converted a small pro- 
portion of the citrate into aconitate and ‘socitrate. 
This hypothesis was confirmed by use of a kidney 
extract containing aconitase but no dehydrogenase, 
which had the same effect of causing the disappear- 
ance of a constant small fraction of the added 
citrate. 


Table 6. Removal by minced rat kidney of citrate 
added either as bone powder or as sodium citrate 


(Approx. 7 mg. citric acid added per g. kidney in each 
case.) 


Exp. Form of added Incubation Citrate found 
no. citrate (hr.) % of initial) 
1 Acetone-dried rat 0 100 
bone powder 1 87 
3 81 
Sodium citrate 0 100 
1 39 
3 12 
2 Ox-bone cortex 0 100 
powder 1 97 
(300 mesh) 3 96 
Sodium citrate 0 100 
1 58 
3 14 


The availability of bone citrate for enzymic removal. 
The active aconitase and isocitric dehydrogenase of 
rat kidney were used in an attempt to metabolize 
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further the citrate present in bone. The bone used 
was either a fine powder made from acetone-dried 
rat bone, or powdered ox-bone cortex (300-mesh). 
The activity of the minced kidney used was shown 
by a parallel experiment in which citrate was added 
in the form of sodium citrate. The results are given 
in Table 6, from which it can be seen that the citrate 
present in the rat bone was removed to a small 
extent by the active kidney enzymes, whilst in the 
more highly calcified ox-bone cortex only a slight 
amount of the citrate was removed. 


DISCUSSION 


It appears that all the parts of bone examined have, 
by comparison with other tissues, e.g. kidney or 
liver, citrogenase and aconitase activities much 
greater than those of dsocitric dehydrogenase. The 
mechanism for the production of a local high con- 
centration of citric acid therefore exists in bone. 
Such citric acid may be co-precipitated with calcium 
phosphate during its deposition, in which case it may 
influence the amount of deposition by holding up 
calcium in a complex form. A high citrate concen- 
tration could even reverse the process of calcifica- 
tion and solubilize bone salt already laid down. 
Excess of citrogenase over isocitric dehydrogenase 
in marrow does not lead to citrate deposition since 
no bone salt is laid down anyway. 


SUMMARY 


1. It has been shown that the ‘citrogenase’ and 
aconitase activities of various rabbit bone regions 
are relatively greater than that of ésocitric dehydro- 
genase compared with kidney and liver. 

2. In extension of earlier observations increasing 
concentrations of citrate inhibit the calcification of 
hypertrophic rat cartilage in vitro. 

3. Enzyme levels in bone indicate the relatively 
greater metabolic activities of metaphysis and 
epiphysis over that of cortex. 

4. Amounts of citrate in bone regions are in 
inverse ratio to their metabolic activities. 

5. It is suggested that the higher ‘citrogenase’ 
and lower isocitric dehydrogenase levels in bone 
regions may produce local increased concentrations 
of citric acid which may then become co-precipitated 
during deposition of bone salt. 


The authors are grateful to Dr D. Herbert for the gift of 
some oxaloacetic acid. 
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The Determination of Glucosamine by Alkaline Decomposition 


By M. V. TRACEY 
Rothamsted Experimental Station, Harpenden, Hertfordshire 


(Received 12 March 1952) 


Estimation of free glucosamine is usually done by 
the method of Elson & Morgan (1933) or by modi- 
fications of this method. Some workers have found 
difficulty in getting reproducible results unless 
conditions are most rigorously standardized 
(Ogston & Stanier, 1950; Johnston, Ogston & 
Stanier, 1951; Schloss, 1951). This may be explicable 
on the grounds that both the initial reactants, the 
amino sugar and acetylacetone, are unstable under 
the conditions of reaction and that several products 
are formed, including a number of chromogens 
(Schloss, 1951). The specificity of the method is not 
complete; acetylglucosamine gives a similar colour 
and so do mixtures of amino-acids and sugars 
(Sideris, Young & Krauss, 1938; Horowitz, Ikawa & 
Fling, 1950; Immers & Vasseur, 1950). Urea and 
glyceraldehyde have also been reported as inter- 
fering (Lutwak-Mann, 1941). Recently a new colori- 
metric method in which deamination of the amino 
sugar precedes its estimation by heating with indole 
and hydrochloric acid has been proposed by Dische 
& Borenfreund (1950). This has been reported as 
giving high results in the presence of other sugars 
(McCrea, 1951). It has been found that an essenti- 
ally similar method which had been developed using 
orcinol for colour development after deamination 
also gave high results in the presence of other sugars. 

The method presented here which has been com- 
municated in a preliminary form (Tracey, 1951) is 


based on the observation by Morgan (1936) that 
glucosamine and galactosamine ‘yield practically 
the whole of their nitrogen in the form of ammonia 
on heating for a few minutes with normal alkali at 
100°’. Conditions under which the yield of ammonia 
is quantitative and in which interference by other 
substances is minimal are described. 


EXPERIMENTAL 


Reagents 


Phosphate-borate mixture. Saturated Na,PO, is saturated 
with Na,B,O,.10H,O at room temperature (at 14°, 11. of 
saturated Na,PO, will dissolve about 42 g. of borate). 

Nessler’s reagent. This was prepared after Vanselow (1940). 
45-5 g. HgI, and 34-9 g. KI are dissolved in as little water as 
possible, 112 g. KOH added and the solution diluted to 
FL 

Procedure 


The sample, which should be 2 ml. or less in volume and 
not strongly acid, is introduced into a Markham (1942) still. 
The sample is washed in with a total of 5 ml. of the phos- 
phate-borate mixture. Distillation is then carried out 
slowly (about 3 ml. distillate/min.), the distillate being 
collected in a test tube matched for use in a photoelectric 
colorimeter and graduated at 10 ml. Before use 1 ml. of 
2% (w/v) boric acid is placed in each tube. Distillation is 
stopped when the distillate reaches the 10 ml. mark on the 
receiving tube. Blanks are distilled at the beginning and 
end of a set of distillations, and also solutions of (NH,),SO, 
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of suitable concentration to act as standards. All tubes of 
distillate are brought to the same temperature by standing 
in a vessel of water, and 1 ml. of Nessler’s reagent added to 
each. After mixing, the tubes are allowed to stand 30 min. 
and are read in a photoelectric colorimeter, using a filter 
(Ilford 623) with maximum transmission in the region of 
490 mu. With (NH,),SO, standards a straight line relation 
between the instrument reading and the amount of NH, 
distilled is obtained over a range of 540 ug. N (60-500 yg. 
amino sugar). Alternatively, the NH, may be titrated with 
dilute HCl in the presence of a suitable indicator (Conway & 
O'Malley, 1942) using the photoelectric colorimeter to get 
an exact and reproducible end point. 

The sensitivity may be increased either by using a colori- 
meter in which the light path through the nesslerized 
distillate is longer (an increase by a factor of 2-5 was ob- 
tained by using a 4 cm. cell) or by reducing the volume of 
distillate collected. Quantitative recoveries of NH, were 
achieved from glucosamine, collecting only 4 ml. of distil- 
late, by preheating the phosphate-borate glucosamine 
mixture before distillation. Steam was allowed to pass 
through the still jacket for 3 min. before beginning a slow 
distillation. 

Choice of alkali. Yields of NH; on distillation of glucos- 
amine with 0-5N-Na,CO,, saturated Na,CO,, and saturated 
Na,B,O, were about 50, 80 and 25%. Borate buffers 
(approx. 0-2m) of pH 10-0, 11-1 and 12-2 gave yields of 
20-30 %. The phosphate-borate-NaOH mixture of Pucher, 
Vickery & Leavenworth (1935) gave results similar to those 
of borate buffers. Saturated Na,PO, (pH approx. 11-4) gave 
theoretical yields of NH,. When glucose is distilled with 
saturated Na,PO, volatile products are formed that give a 
colour with Nessler’s reagent and a cloudiness that increases 
with time. Saturation of the phosphate solution with borate 
stops this interference while causing little change in the pH 
of the solution and allowing quantitative NH, recoveries 
from glucosamine and galactosamine. Quantitative 
recoveries are also obtained from biosynthetic phospho- 
glucosamine (Long, 1951). 

Specificity. No NH, or other product giving a colour with 
Nessler’s solution under the conditions described is evolved 
by acetylglucosamine, aspartic acid, glutamic acid, serine, 
threonine, citrulline, arginine, lysine, thymine, uracil, 
guanine, adenine, xanthine, allantoin, alloxan, creatinine, 
creatine, hydantoin, sarcosine, betaine, choline, ethanol- 
amine, hyaluronic acid, or chitin. No NH, is evolved from 
a crude preparation of canavanine from jack bean meal. 
NH, is evolved in the presence of ammonium salts, glut- 
amine, asparagine, nicotinamide, or urea. Interference by 
ammonium salts can be allowed for by a separate estimation 
using the Conway microdiffusion method (Conway, 1950). 
Glucosamine is decomposed at room and higher temper- 
atures by half-saturated K,CO, but not at all at 5°. A period 
of 4 hr. at 5° was found sufficient for complete diffusion of 
NH,. Recoveries from glucosamine (100 yg. N) in this period 
at varying temperatures were 15% (35°), 4% (26°), 2% 
(20°), 1% (14°, using 500 wg. glucosamine N), and nil at 5°. 
Recoveries from galactosamine at 5° were also nil. The amide 
N of glutamine and asparagine appear as NH, after hydro- 
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lysis with N-H,SO, at boiling point for 3 hr. (Pucher e¢ al. 
1935), and the same treatment was 80% effective with 
nicotinamide. Urea is only decomposed to the extent of 
40% by this treatment. If the hydrolysed fluid is treated 
with urease before distillation and estimation of free NH,, 
interference from this source will be eliminated. This is, 
however, only necessary in the presence of large amounts of 
urea as the yield on distillation is only about 0-5% of the 
urea N. Recoveries on distillation from solutions containing 
1-2 mg. asparagine N or nicotinamide N are about 3% and 
from solutions containing 0-1-0-2 mg. glutamine N are 
about 10-20%. NH, is also formed by the distillation of 
some proteins under the conditions described. 10-20% of 
the amide N of glutenin and edestin were recovered in this 
way. After a preliminary hydrolysis with n-H,SO, the N 
yields by Conway estimation at 5° and distillation were 
identical and agreed well with published figures for the 
amide N of these proteins. Thus the hydrolysis procedure 
seems equally effective in eliminating interference by both 
free and combined glutamine and asparagine. 

Interference by mixtures of sugars and amino-acids 
occurs in this method as in the method of Elson & Morgan 
(1933) and its modifications. A direct comparison between 
the original method of Elson & Morgan and the method 
described in this paper was made. Using a 1-5m solution of 
glucosamine hydrochloride the increase in apparent glucos- 
amine caused by the presence of 2-5m-lysine hydrochloride 
and 2-5m-glucose was 18 % for the first method and 5% for 
the second. 


DISCUSSION 


The method proposed has been used for more than 
a year in these laboratories for the analysis of chitin 
and products containing it. With relatively pure 
samples of chitin it has the advantage that de- 
composition of glucosamine on hydrolysis (Ogston & 
Stanier, 1950; Folkes, Grant & Jones, 1950) is 
simultaneously allowed for, if ammonia is not 
estimated at 5°, or measured if it is. It is not sug- 
gested that the method is completely satisfactory 
used alone, but in conjunction with one of the modi- 
fications of the Elson & Morgan method the two 
methods provide very useful safeguards against the 
acceptance of false results. 


SUMMARY 


1. A method for the estimation of amino sugars 
in the range 50-500 yg., by alkaline decomposition 
and estimation of the ammonia produced, is 
described. 

2. Elimination of interference by other nitrogen- 
containing compounds is discussed. 


It isa pleasure to thank Dr W. T. J. Morgan for the sample 
of galactosamine used in this work. 
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The Metabolism of Methyl Carbamate 


By E. BOYLAND anp D. PAPADOPOULOS* 
The Chester Beatty Research Institute, London, S.W. 3 


(Received 3 March 1952) 


Urethane or ethyl carbamate, which is carcinogenic 
(Nettleship & Henshaw, 1943), mutagenic (Vogt, 
1948) and used in the treatment of leukaemia 
(Paterson, Ap Thomas, Haddow & Watkinson, 
1946), is considered to be a radiomimetic agent. Itis 
destroyed relatively slowly in the bodies of normal 
rats and mice and even more slowly by tumour- 
bearing animals (Boyland & Rhoden, 1949; 
Skipper et al. 1951). 

Methyl carbamate is not a radiomimetic agent, 
being neither carcinogenic nor mutagenic (Larsen, 
1947). The rate of destruction of methyl carbamate 
by rats has been followed by estimation of the con- 
centration of the compound in the tissues at 
different times after injection. 


EXPERIMENTAL 


Estimation of methyl carbamate. Methyl carbamate was 
determined by the method used for urethane by Boyland & 
Rhoden (1949). The sample containing less than 0-40 mg. 
methyl carbamate in 2 ml. 2N-KOH was placed in the outer 


Table 1. .Zstimation of known quantities 
of methyl carbamate 


Methyl carbamate 0-1N-Na,S,0, 


taken used Titre as % 
(mg.) (ml.) of theory 
0-05 0-0262 96 
0-10 0-0547 103 
0-20 0-1188 96 
0-30 0-1551 98 
0-40 0-2232 103 





* Present address: The Greek Anti-Cancer Institute, 
Athens. 


ring of a Conway unit (Conway, 1947), the central compart- 
ment of which contained 1 ml. of 0-025N-K,Cr,0, in 10N- 
H,SO,. The unit, along with a blank unit in which m-K,CO, 
replaced the 2N-KOH solution, was heated to 37° for 16 hr. 
At the end of that time, KI was added to the K,Cr,0, and the 
liberated I, titrated with 0-1N-Na,S,0, from a Conway 
burette. The difference between the titration figures of the 
KOH and K,CO, units was proportional to the methyl 
carbamate present. As in the estimation of ethyl carbamate, 
the reaction was stoicheiometric and reproducible under 
constant conditions (as shown in Table 1). All determina- 
tions were carried out in duplicate, and duplicate sets of 
blank units with reagents alone were set up with each set of 
estimations. One ml. 0-1 N-Na,S,0, is equivalent to 1-87 mg. 
methyl carbamate. 


Table 2. Excretion of methyl carbamate in urine 
of rats dosed with 50 mg./100 g. body weight 


Methyl carbamate (mg.) 
excreted in urine 
i, Percentage 


jet 

Weight During first Between of dose 

of rat 4hr. after 4and24hr. excreted in 
(g.) injection after injection 24 hr. 
150 2-3 1-4 4-9 
200 2-2 76 9-8 
190 1:8 7-0 9-2 
160 1-4 2-7 5-1 


Urinary excretion of methyl carbamate by rats 


Adult rats weighing between 100 and 200 g. were dosed 
by intraperitoneal injection with 50 mg./100 g. body weight 
of methyl carbamate. The animals were kept in metabolism 
cages and the urine collected for estimation of the excreted 
carbamate. The cages were washed 4 and 24hr. after 
injection and the washings added to the collected urine. 
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The amounts of methyl carbamate excreted 
shown in Table 2 suggest that the drug is not con- 
centrated in the kidney as the proportion of the dose 
of carbamate excreted in 24 hr. is of the same order 
as the proportion of urine excreted in 24 hr. to the 
total body water. 
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carbamate was then estimated in samples of the 
extracts. 

The theoretical figures for the expected concen- 
trations are based on the following assumptions: 
(1) the methyl carbamate is uniformly distributed 
in the body water (as indicated by the similar con- 


Table 3. The concentration of methyl carbamate in tissues of normal rats at different times 
after intraperitoneal injection of the drug 





Concentration of methyl carbamate found Theoretical 
Dose Time after (mg./100 g.) expected 
(mg./100 g. injection r ? + concentration* 
body wt.) (hr.) Blood Lungs Liver (mg./100 g.) 
50 0 _- — _ 60 
50 1 54 56 57 —- 
50 4 51 44 44 48 
50 24 26 24 26 30 
50 48 16 14 14 15 
50 72 8 13 10 7 
50 96 7 5 + 4 
50 120 0 0 0 2 
100 0 — -- — 120 
100 1 125 106 100 _- 
100 4 132 86 99 95 
100 24 61 47 47 60 
100 48 27 18 20 30 
100 96 17 19 16 7 
100 120 20 23 21 — 
100 144 0 0 2 —_— 


* Assuming that the concentration in the body falls by 50% in 24 hr. 


Table 4. The concentration of methyl carbamate in tissues of rats with Walker carcinomata 
at different times after intraperitoneal injection of the drug 








Concentration of methyl carbamate found Theoretical 
Dose Time after (mg./100 g.) expected 
(mg./100 g. injection : A . concentration* 
body wt.) (hr.) Blood Lungs Liver (mg./100 g.) 
50 0 — _ _— 57 
50 4 67 61 70 _ 
50 24 50 43 40 38 
50 48 20 12 23 28 
50 72 — — — 19 
50 96 — — _— 14 
50 120 16 10 4 — 
50 144 — — _ 7 
100 0 — — _— 114 
100 4 138 77 108 
100 24 56 40 53 85 
100 48 67 48 55 57 
100 96 31 27 28 28 
100 120 27 10 24 21 


* Assuming that the concentration in the body falls by 50% in 48 hr. 


Distribution of methyl carbamate 


Adult rats, with grafted Walker carcinomata, and 
normal rats were.given doses of 50 and 100 mg./ 
100 g. body weight of methyl carbamate by intra- 
peritoneal injection and killed at different intervals 
after dosing. A sample of blood was collected and 
extracted with 2 volumes of 10% trichloroacetic 
acid. The lungs and a sample of liver were similarly 
extracted with the trichloroacetic acid. Methyl 


centrations in blood and the tissues examined); 
(2) the body water forms two-thirds of the body 
weight of normal rats (Moulton, 1923) and 70% in 
tumour-bearing rats (an estimate based on seattered 
data in the literature); (3) the tissues examined 
contain 80% water; and (4) the rate of elimination 
of methyl carbamate at any time is proportional to 
the concentration in the bedy at that time. 

The data on the distribution of methyl carbamate 
in rat tissues (Tables 3 and 4) show that the com- 
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pound is fairly quickly distributed in the body, but 
that the concentration in the tissues examined falls 
very slowly. It appears that the rate of elimination 
of methyl carbamate is such that the time required 
for the concentration to fall to half the maximum 
value is 24 hr. for normal rats and almost twice this 
time for tumour-bearing rats. 


DISCUSSION 


The data on elimination of ethyl carbamate (Boy- 
land & Rhoden, 1949; Skipper e¢ al. 1951) indicated 
that the time for 50 % elimination was of the order 
of 12hr. for normal rats or mice and 24 hr. for 
tumour-bearing animals. The present data indicate 
that methyl carbamate, like ethyl carbamate or 
ethanol, is not concentrated by the kidney, so that 
elimination must be mainly by metabolism. Methyl 
carbamate appears to be metabolized at about half 
the rate of ethyl carbamate. 

The relationship of metabolism of the methyl and 
ethyl carbamates to their biological action is 
difficult to understand. If the radiomimetic action 
were due to hydrolysis of the carbamate, then the 
slower metabolism of methyl carbamate should be 
compensated for by increase of the dose. This, 
however, is not the case. 
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If the carcinogenic action of urethane were due to 
slow liberation of ethanol oxidized to acetaldehyde 
within the tissues then methanol would be expected 
to be as effective, as formaldehyde has been found to 
be mutagenic (Rapoport, 1946). 

The discovery that ethyl carbamate is a much 
more effective inhibitor of transmethylation reac- 
tions than is methyl carbamate (McKinney, 1950) 
suggests that such inhibition may be concerned with 
the radiomimetic effects produced by urethane. 


SUMMARY 


1. Methyl carbamate, like urethane, does not 
appear to be concentrated by the kidney. Methyl 
carbamate is eliminated from the body by meta- 
bolism at about half the rate at which urethane is 
eliminated. 

2. Tumour-bearing rats eliminate methyl carba- 
mate only about half as fast as normal rats. 

We should like to thank Mr R. W. White for his help with 
these experiments. This investigation has been supported by 
grants to The Royal Cancer Hospital and Chester Beatty 
Research Institute from The British Empire Cancer 
Campaign, The Jane Coffin Childs Memorial Fund for 
Medical Research, The Anna Fuller Fund, and The National 
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Sorbitol Antiketogenesis and the Dehydrogenation and Oxidation 
of Fatty Acids 


By R. L. BLAKLEY* 
Department of Biochemistry, Medical School, University of Otago, 
Dunedin, New Zealand 
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Sorbitol is remarkable for its ability to decrease the 
spontaneous ketogenesis of liver slices from fasted 
rats, being more efficient in this respect than related 
hexoses and most other compounds (Edson, 1936); 
Blakley, 1951). During the investigation of this 
effect a dehydrogenase was found in rat liver which 
converts D-sorbitol to D-fructose in the presence 

* Present address: National Institute for Medical 
Research, Mill Hill, London, N.W. 7. 


of coenzyme 1 (Col). The enzyme also converts 
L-iditol to sorbose, and iditol is as effective as 
sorbitol in diminishing spontaneous ketogenesis 
(Blakley, 1951). 

A simple explanation of sorbitol antiketogenesis 
suggested by Edson (19365) is that it results from 
competition between sorbitol and fatty acids for 
oxidative enzymes and coenzymes in the liver. 
When the course of sorbitol metabolism is taken 
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into account it seems likely that Cot is the object of 
such competition between sorbitol dehydrogenation 
and fatty acid oxidation. Although Cor has not 
been proved essential for the oxidation of fatty 
acids, octanoate oxidation in washed suspensions of 
mitochondria is activated by Col under some condi- 
tions (Lehninger, 1945; Lehninger & Kennedy, 
1948; Kennedy & Lehninger, 1951). One possibility 
is that the «8-dehydrogenation assumed to occur 
during f-oxidation of fatty acids, and demon- 
strated in the case of phenyl-substituted acids 
(Carter, Osman, Levine & Gamm, 1939; Mazza, 
1935; Kuhn & Livada, 1933) requires Cot. This 
paper describes experiments performed with the 
object of testing this explanation of sorbitol anti- 


ketogenesis. 
EXPERIMENTAL 


Animals. Rats of the Wistar strain, fed as previously 
described (Blakley, 1951), were used. 

Methods. Manometric measurements were made by 
standard methods. Homogenates were prepared with a 
stainless-steel instrument similar to the Potter-Elvehjem 
homogenizer, with a barrel 3 cm. in diameter and 15 cm. 
long. 

Fatiy acid oxidizing preparations. Two rat-liver prepara- 
tions were used for the oxidation of fatty acids. The first was 
essentially the washed particulate material from a homo- 
genate of rat liver in isotonic KCl (Lehninger, 1945). This is 
referred to throughout as the ‘ particulate preparation’. The 
second consisted mainly of washed mitochondria from rat 
liver, prepared by an abridged procedure of Lehninger 
(1949), in which the mitochondria are collected from a 
sucrose-containing homogenate at 2400g after agglutination 
with isotonic KCl. Considerable numbers of nuclei were 
present in this preparation, but it was substantially free 
from erythrocytes. 

Sorbitol dehydrogenase. In order that fatty acid oxidation 
would not be unduly affected by impurities it was desirable 
to use a dehydrogenase preparation of greater purity than 
previously described. The enzyme was therefore prepared 
by an improved procedure as follows. After homogenizing 
the chilled livers of four rats for 1-5 min. in 6 vol. of ice-cold 
0-01M-potassium phosphate buffer, pH 7-8, in a chilled 
Waring Blendor, 2N-HCl was added dropwise while the 
blending continued, until the pH had fallen to 4-7. The 
material was then immediately centrifuged at 2° in chilled 
centrifuge cups. After quickly adjusting the supernatant to 
pH 7-4, 0-25 vol. ethanol and 0-25 vol. CHCl; were added 
and the mixture shaken for 2 min. at room temperature and 
then immediately centrifuged at 2°. The supernatant, which 
should be light brown and was usually cloudy, was dialysed 
without delay against neutralized distilled water at 0° for 
24hr. The dialysed solution (about 200 ml.) was then 
adjusted to pH 5-0 when a red-brown precipitate usually 
formed, and was centrifuged off and discarded. The super- 
natant was treated successively with 30 and 50 ml. of 
alumina C,, suspension (16-5 mg./ml.), the solid being centri- 
fuged off after each addition. The sediment from the first 
centrifugation was used to obtain Co1-cytochrome c re- 
ductase (see below). To the almost colourless, clear super- 
natant from the second centrifugation were added 50 ml. of 
calcium phosphate suspension (24 mg./ml.), and the mixture 
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centrifuged. The sorbitol dehydrogenase was eluted from the 
gel at room temperature with one 30 ml. and one 20 ml. 
portion of 0-01m-Na,HPO, containing (NH,),SO, to 20% 
saturation. The dehydrogenase could be further concen- 
trated by treating the dialysed eluate with 1 vol. of acetone 
at about — 20°, rapidly centrifuging off the precipitate and 
dissolving it in cold 0-01M-potassium phosphate buffer, 
pH 7-8. After dialysis against neutral distilled water at 2° 
the preparation lost little activity when kept at 2° for a 
week. The preparation was free from Co1-cytochrome ¢ 
reductase and from colouring material and had an activity 
several times that of preparation B described previously 
(Blakley, 1951). 

Coenzyme 1-cytochrome c reductase. The O, uptake of 
earlier preparations of sorbitol dehydrogenase supplied with 
sorbitol, Cor and methylene blue, was not greatly increased 
by the addition of Straub’s soluble diaphorase (Blakley, 
1951). This was explained by the discovery that these 
dehydrogenase preparations contained an enzyme carrying 
out the oxidation of reduced Cor by cytochrome c and 
probably by methylene blue also. The enzyme responsible 
can be eluted from the first portion of alumina C,, added in 
the procedure above, using 0-20M-Na,HPO,. The purity of 
the reductase at this stage depends somewhat on the length 
of the previous treatment with ethanol-CHCl,. A treatment 
for 2 min. necessary to eliminate cytochrome and haemo- 
globin, which are otherwise difficult to separate from 
sorbitol dehydrogenase, tends to produce larger amounts of 
brown contaminants in the reductase fraction. Accordingly, 
a treatment for 1 min. with ethanol-CHCl, was adopted in 
preparing reductase. The reductase can be further purified 
by adsorption on calcium phosphate gel at pH 7-0 and 
elution with 0-20mM-Na,HPO,. The two adsorption steps 
increased the activity about 12-fold, giving a faintly yellow, 
clear solution. _ 

Analytical methods. Cot-cytochrome ¢ reductase was 
determined by the method of Hogeboom (1949). 

Octanoic acid was determined by the method of Leh- 
ninger & Smith (1948) with the following modification. The 
extractions were performed in rubber-stoppered test tubes 
and the lower aqueous layerremoved after the extraction by 
means of a small wash-bottle head fitted into the test tube, 
as described by Weil-Malherbe & Bone (1949). Although 
the average recovery of octanoate was good, the accuracy 
obtained was not as high as reported by Lehninger & Smith. 

Acetoacetate was determined manometrically (Edson, 
1935). 

Materials. Sorbitol and cytochrome c were the samples 
previously described (Blakley, 1951). 

The octanoic acid used throughout this work was a product 
of Eastman Kodak Co. Other fatty acids were samples from 
British Drug Houses Ltd. 

Adenosinetriphosphate (ATP) was obtained as the Ba salt 
from Boots Pure Drug Co. Ltd. The purity was 92-99 % as 
judged by P, :in.» Pz min,/total P and P/N values. 

The Cor used in these experiments was a product of 
Schwarz Laboratories Inc., New York, and assayed 50-60% 
by the dithionite method. 


RESULTS 


Effect of sorbitol on ketogenesis in rat-liver homo- 
genates. As a preliminary to searching for a simpli- 
fied cell-free system in which sorbitol antiketo- 


ern 





ge 
sin 


wi 








Vol. 52 


genesis could be tested, it was desirable to examine 
the effect of sorbitol on ketone production in whole 
liver homogenates where none of the cell com- 
ponents had been discarded. Failure to produce 
antiketogensis in such a system could not be due to 
removal of components essential for the operation of 
the antiketogenic effect. 


SORBITOL AND FATTY ACID OXIDATION 


271 


greater ketonuria than normal fasted rats. Although 
the precise mechanism of the effect is unknown, it 
seemed possible that the livers of rats so treated 
might provide more favourable material for the 
investigation of antiketogenesis. Accordingly, 
female rats, about 200 g. body weight, fasted 2-4 
days and injected intraperitoneally with 35 mg. 


Table 1. Effect of co-factors on spontaneous ketogenesis in rat-liver homogenates 


(Female rat, fasted 4 days. Liver homogenized in 2 vol. 0-13m-KCl containing 0-013M-sodium phosphate buffer, 
pH 7-4. Flasks contained 0-13 ml. sodium phosphate buffer, pH 7-4 (0-013M),* 0-03 ml. KCl (0-06), 0-60 ml. homogenate, 
water to give a final volume of 1 ml. and other components as below. Inseals contained 0-20 ml. 2n-NaOH. Gas, O,. 


Temp., 30°. Time, 75 min.) 


Concentrations of components (mM) 


ees 


ATP 
0-0012 
0-0012 
0-0012 
0-0012 
0-0012 
0-0012 
0-0000 
0-0006 
0-0012 
0-0032 


Cytochrome ¢ 


Mg** ( x 10-5) 
0-0000 0-8 
0-0023 0-8 
0-0046 0-8 
0-0046 0-0 
0-0046 0-4 
0-0046 1-3 
0-0046 0-8 
0-0046 0-8 
0-0046 0-8 
0-0046 0-8 


Acetoacetate 
O, uptake formed 
(umoles) (umoles) 
28-2 1-9 
20-9 1-7 
22-1 2-6 
26-5 2-1 
20-5 2-2 
22-0 3-4 
16-8 1-2 
22-1 2-0 
25-2 2-1 
32-8 2-2 


* The figures in parentheses indicate the concentration of the components in the complete reaction medium. This 


notation is used in Tables 1-11. 


Although spontaneous ketogenesis in cell-free 
homogenates has not been reported previously, 
homogenates, in isotonic potassium chloride, of 
livers from fasted rats were found to produce large 
amounts of acetoacetate endogenously. A necessary 
precaution for this production of spontaneous keto- 
genesis in homogenates, however, is that dilution of 
the tissue suspension, during homogenizing or in 
mixing it with other solutions in the reaction vessel, 
must be minimized. The amount of acetoacetate 
produced varied considerably from one animal to 
another, but was practically independent of added 
magnesium ions, cytochrome c and ATP (Table 1), 
as expected in concentrated tissue suspensions of 
this type. 

When sorbitol was added to these concentrated 
homogenates it produced no significant decrease in 
the spontaneous ketogenesis (Table 2). If Cor and 
nicotinamide were also added, sorbitol was vigor- 
ously oxidized as indicated by the increase in 
oxygen uptake, but the production of ketone bodies 
was still unaffected. The presence of added cyto- 
chrome c, ATP, magnesium ions, potassium chloride, 
acetyl phosphate, t-malate, cocarboxylase and 
yeast extract and combinations of these factors was 
unable to cause the appearance of any antiketo- 
genic effect. Added fructose and glucose were 
similarly without effect on ketogenesis. 

Janes & Brady (1949) reported that rats injected 
with nicotinamide during fasting exhibit a much 


nicotinamide in saline each day of the fast, were used 
for the preparation of ketogenic liver slices and 
homogenates. Although it was confirmed that these 
animals exhibit high ketonuria, the spontaneous 
ketogenesis of liver slices and homogenates was not 
significantly greater than that for normal fasted 
animals. Moreover, in liver homogenates from such 
animals, sorbitol was again without effect on 
spontaneous ketogenesis. 


Table 2. Spontaneous ketogenesis in rat-liver homo- 
genate in presence of sorbitol, glucose and fructose 


(Female rats, fasted 3 days and injected daily during fast 
with 35 mg. nicotinamide in 1-00 ml. normal saline. Livers 
homogenized in 2vol. 0-13M-KCl containing 0-013m- 
sodium phosphate buffer, pH7-4. Flasks contained 
0-13 ml. sodium phosphate buffer, pH 7-4 (0-01 M), 0-06 ml. 
cytochrome c (6x10-*m), 0-08ml. MgSO, (0-012m), 
0-06 ml. ATP (0-0024m), 0-03 ml. nicotinamide (0-01™), 
0-03 ml. Cor (2 x 10-4m), 0-58 ml. homogenate and water to 
give a final volume of 1-00 ml. 30°. Gas, O,. Time, 50 min.) 


Acetoacetate formed 


Additions (umoles) 
None 4:8 
Sorbitol (0-05 m) 4-2 
Fructose (0-05) 4-7 
Glucose (0-05 mM) 4-6 


Rat-liver homogenates in 6-88M-sucrose or iso- 
tonic potassium chloride rapidly oxidized added 
octanoate and pyruvate with the formation of 
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Table 3. Acetoacetate production from added octanoate and pyruvate in rat-liver homogenate 


in presence of sorbitol 


(Female rats, fasted 24 hr. Livers homogenized in 2 vol. 0-88m-sucrose. Flasks contained 0-30 ml. cytochrome ¢ 
(7-5 x 10-®m), 0-10 ml. ATP (0-001™), 0-10 ml. MgSO, (0-0038™), 0-30 ml. potassium phosphate buffer, pH 7-4 (0-015m), 
1-00 ml. homogenate and water to give a final volume of 4-00 ml. Inseals contained 0-20 ml. 2n-NaOH. Gas, O,. Temp., 


30°. Time, 35 min.) 


Nicotinamide Acetoacetate 

(0-01Mm) and Sorbitol O, uptake formed 

Substrate Cor (2 x 10-4m) (0-01m) (umoles) (umoles) 
None Absent Absent 12-9 4:3 
Octanoate (0-001 Mm) Absent Absent 20-4 10-6 
Octanoate (0-001 M) Present Absent 30-2 11-8 
Octanoate (0-001) Present Present 30-8 9-7 
Pyruvate (0-01) Absent Absent 19-6 8-4 
Pyruvate (0-01 Mm) Present Present 24-9 8-7 
Octanoate (0-001 M) + pyruvate (0-01 m) Present Absent 27-3 13-6 
Octanoate (0-001 M) + pyruvate (0-01 m) Present Present 29-6 12-6 
Octanoate (0-001 M) + «-ketoglutarate (0-001 ™) Present Absent 28-3 10-2 
Octanoate (0-001 M) + «-ketoglutarate (0-001 m) Present Present 31-5 8-4 


acetoacetate. The production of acetoacetate under 
these conditions, too, was not significantly affected 
by the addition of sorbitol, even when Coli and nico- 
tinamide were added to allow rapid sorbitol oxida- 
tion (Table 3). Similar results were obtained 
whether the livers of fasted rats or fed rats were used. 
Sorbitol is apparently devoid of antiketogenic 
action in liver homogenates even though it is effective 
in this respect in liver slices. 


Coenzyme 1 and the oxidation of octanoate by washed 
‘particulate preparations’ 


In agreement with Lehninger & Kennedy (1948) 
it was observed that the washed particulate fraction 
of homogenates of liver in isotonic potassium 
chloride rapidly oxidizes octanoate (0-001M) when 
supplied with magnesium ions, ATP and potassium 
chloride (0-05m). Octanoate oxidation was also 
increased slightly by added cytochrome c. It was 
confirmed that with such preparations suspended 
either in water or in isotonic potassium chloride, 
Co1 could replace ATP for octanoate oxidation, and 
in some cases Cot was found to increase octanoate 
oxidation even when ATP was already present 
(Table 4). As Lehninger was unable to find any 
further stimulation of octanoate oxidation by Cor 
when ATP was already present in the reaction 
medium, the question was further investigated. It 
was found that Cot consistently increased octanoate 
oxidation, both in the presence and absence of 
ATP, when liver preparations were obtained from 
fasted animals. When the liver of a recently fed 
animal was used, however, Cor could replace ATP 
as a factor for octanoate oxidation, but caused 
no further stimulation of oxidation if ATP were 


present. 

It is difficult to establish whether the stimu- 
latory effect of Cor on octanoate oxidation is due to 
the Cor as such or to other compounds present in 
the Cor preparation. In particular the effect might 


be due to adenosine-5-phosphate present in the 
preparation or formed enzymically from Cot during 
incubation. Such an explanation appears unlikely 
since the addition of extra ATP did not produce the 
same stimulation of octanoate oxidation (Table 4). 


Table 4. Effect of added Cot and other co-factors on 
octanoate oxidation with liver particulate prepara- 
tions from fasted rats 


(Flasks contained 1-40 ml. of a water suspension of 
washed ‘particulate preparation’ from livers of fasted rats, 
0-40 ml. octanoate (0-001m), 0-10ml. ATP (0-001m), 
0-15 ml. cytochrome c (10->m), 0-10 ml. MgCl, (0-004m), 
0-20 ml. potassium phosphate buffer, pH 7-4 (0-01m), 
0-10 ml. KCl (0-05m), 0-50 ml. Cor (7-8 x 10-4m), 0-13 ml. 
nicotinamide (0-01m) and water to give a final volume of 
4-00 ml. Inseals contained 0-20 ml. 2n-NaOH. Gas, air. 
Temp., 38°. Time; 45 min.) 


Aceto- 
acetate 
O, uptake formed 
(umoles) (moles) 
Exp. 1 
Complete system 11-0 5-5 
Octanoate omitted 2-9 0-4 
ATP omitted 3-6 2:3 
MgCl, omitted 2-1 1-2 
Cytochrome c omitted 8-9 4:3 
Nicotinamide omitted 10-9 4:8 
Coli omitted 4:5 2-9 
Cor and ATP omitted 0-2 1-2 
Cot and nicotinamide omitted 4-9 2-7 
Exp. 2 
Complete system 20-8 11-2 
Cor omitted 12-7 7-4 
Co1 replaced by extra ATP 12-0 6-7 


(0-002 m) 


Lehninger (1945) has stated that Cor could 
restore the activity of preparations aged 4-6 hr. In 
the present investigation difficulty was experienced 
in demonstrating such an effect of Cot because no 
decrease could be observed in the activity of washed 
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preparations suspended in water and kept at 0° for 
6hr. If the tissue was suspended in 8 vol. of water 
the activity immediately disappeared and could not 
be restored by Cot. 

Despite the stimulatory action of Cor on octa- 
noate oxidation in ‘particulate preparations’, Cor 
inhibited octanoate oxidation in preparations of 
mitochondria, both in presence and absence of ATP. 
The cause of this contrasting behaviour in the 
different preparations is not apparent. Recombina- 
tion of the nuclear fraction of homogenates pre- 
pared in sucrose solution with the preparation of 
mitochondria produced a system which was similar 
to the ‘particulate preparations’ but in which Cor 
still inhibited fatty acid oxidation. 
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antiketogenic effect, both in the presence and 
absence of Cot and dehydrogenase (Table 5). 

In order to test whether the interaction of fatty 
acid oxidation and sorbitol dehydrogenation 
occurred through some stage in the reoxidation of 
reduced Cot, Co1-cytochrome c reductase was added 
to the system with the hope of accelerating re- 
oxidation of reduced Cot. The results obtained in 
such experiments, however, were essentially the 
same as those obtained in absence of added Cot- 
cytochrome c reductase. 

In further attempts to produce modifications of 
the above experiments favourable to the demon- 
stration of antiketogenesis, the following changes 
were made. First ‘particulate preparations’ were 


Table 5. Octanoate oxidation by washed liver ‘particulate preparation’ in presence of sorbitol, 
fructose, Cot and sorbitol dehydrogenase 


(Flasks were filled as in Table 4 except that Cot was omitted unless stated otherwise below. Octanoate (0-0025m) 


present unless otherwise stated. Temp., 38°. Gas, air. Time, 45 min.) 


Octanoate Acetoacetate 

O, uptake used formed 

Additions (umoles) (moles) (umoles) 
None 8-8 2-6 4-5 
Sorbitol dehydrogenase (0-60 ml.) 10-0 3:8 6-4 
Sorbitol dehydrogenase (0-60 ml.) + sorbitol (0-01 ™) 12-6 3-5 7-5 
Cor (3-1 x 10-4m) 12-1 2-8 6-2 
Cor (3-1 x 10-*m) + sorbitol dehydrogenase 11-7 4-6 5:8 
Cor (3-1 x 10-*m) + sorbitol dehydrogenase (octanoate omitted) 3-0 —_— 0-1 
Cor (3-1 x 10-4m) + sorbitol dehydrogenase (0-60 ml.) + sorbitol (0-01 m) 18-7 3-2 6-7 
Cor (3-1 x 10-*m) + sorbitol dehydrogenase (0-60 ml.) + sorbitol (0-01) 8-9 0-2 

(octanoate omitted) 

None 13-3 5-5 8-7 
Fructose (0-01 m) 15:3 5-5 9-3 
Fructose (0-01 m) + sorbitol dehydrogenase (0-60 ml.) 15-9 6-4 9-8 
Fructose (0-01 Mm) + Cor (3-1 x 10-4m) 18-1 6-6 8-2 
15-4 6-4 9-1 


Fructose (0-01 Mm) + Cor (3-1 x 10-4) + sorbitol dehydrogenase (0-60 ml.) 


Sorbitol and octanoate oxidation in washed 
‘particulate preparations’ 


The washed ‘particulate preparation’ in which 
Cor was observed to produce some activation of 
octanoate oxidation promised to be a favourable 
system for the demonstration of antiketogenesis 
operating by way of competition for Cor. The effect 
of the sorbitol system on octanoate oxidation was 
accordingly tested in such systems, first in washed 
‘particulate preparations’ from fed rats. The 
results, shown in Table 5, indicate that the sorbitol 
dehydrogenase preparation itself caused a slight 
stimulation of oxygen uptake, octanoate disappear- 
ance and even acetoacetate formation, but the 
further addition of Cor and sorbitol causing rapid 
oxidation of sorbitol, effected no inhibition of fatty 
acid oxidation. Sorbitol and dehydrogenase, added 
without Co1, were likewise unable to diminish 
acetoacetate formation or octanoate disappearance, 
even though the amount of Cor available would be 
limiting under these conditions. In a control 
experiment fructose likewise failed to show any 
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made from the livers of fasted rats to produce condi- 
tions in which Cor has its maximum effect on 
octanoate oxidation, and secondly stearic acid was 
oxidized instead of octanoic to approximate more 
closely to the probable precursor of acetoacetate in 
slices. In spite of these variations sorbitol dehydro- 
genation continued to show no sign of diminishing 
fatty acid oxidation or acetoacetate production 
(Table 6). 


Sorbitol and the ‘sparking’ phenomenon 


Lehninger & Kennedy (1948) have reported that 
when the particulate preparation from rat liver is 
washed with isotonic potassium chloride and finally 
suspended in a large volume of water, octanoate 
oxidation is not catalysed by the preparation unless 
an intermediate of the Krebs cycle is present in 
addition to the other normal co-factors. Later it 
was found that the oxidation of reduced Cor could 
replace the oxidation of Krebs-cycle intermediates 
for this ‘sparking’ of fatty acid oxidation (Kennedy 
& Lehninger, 1951). As it seemed possible that this 
‘sparking’ of fatty acid oxidation by the oxidation 

18 








274 R. L. BLAKLEY 


antiketogenesis, attempts were made to produce 
‘sparking’ of octanoate oxidation by sorbitol 
oxidation. 





(Table 7). In such preparations sorbitol dehydro- 
genation was quite devoid of any activating effect on 


octanoate oxidation (Table 7). 


Table 6. Oxidation of stearate and of octanoate in presence of the sorbitol dehydrogenase system 


(Flasks were filled as in Table 4, except that octanoate or stearate were added as indicated below, and Cor was omitted } 
unless otherwise stated. In Exp. 1 the ‘particulate preparation’ was obtained from a fasted rat, in Exp. 2 from a fed 


rat. Temp., 38°. Gas, air. Time, 45 min.) 


Octanoate Acetoacetate 
O, uptake used formed 
Additions (umoles) (umoles) (moles) 
Exp. 1 
Octanoate (0-001 m) 4-2 2-1 2-1 
Octanoate (0-001 m) + Cor (3-1 x 10-4m) 7-9 3-5 3-6 
Octanoate (0-001 m) + sorbitol dehydrogenase (0-90 ml.) + Cot (3-1 x 10-*m) 9-5 3-7 5-2 
Octanoate (0-001 m) + Cor (3-1 x 10-4m) + sorbitol (0-01) +sorbitol 22-3 6-8 7-0 
dehydrogenase (0-90 ml.) 
Exp. 2 
None 3-1 — 0-6 
Cot (3-1 x 10-*m) + sorbitol dehydrogenase (0-60 ml.) 4-1 —_— 0-4 
Cot (3-1 x 10-*m) + sorbitol dehydrogenase (0-60 ml.) + sorbitol (0-01 m) 9-0 — 0-6 
Stearate (0-00025m) 7-1 — 2-4 
Stearate (0-00025m) + Cor (3-1 x 10-4) + sorbitol dehydrogenase (0-60 ml.) 7-4 --: 2-1 
Stearate (0-00025m) + Cor (3-1 x 10-*m) + sorbitol dehydrogenase (0-60 ml.) 15-5 _ 2-1 
+sorbitol (0-01 ™) 
Stearate (0-00025m) + Cor (3-1 x 10-4m) + sorbitol dehydrogenase (0-60 ml.) 7-0 oa 1:8 


+fructose (0-01 M) 


Table 7. Oxidation of octanoate by suspensions of liver ‘particulate preparations’ of various dilutions 
in presence of the sorbitol dehydrogenase system and of malate 


(Flasks filled as in Table 4 except the octanoate, Cor and nicotinamide were absent unless stated otherwise below. 
Washed particulate preparation of varying dilutions was added as indicated. Temp., 38°. Gas, air. Time, part (1): 60 min.; 


part (2):45 min.) 


Washed particulate 


preparation Additions 
Exp. 1 
1-10 ml. diluted 4-fold None 
None 
1-65 ml. diluted 6-fold None 
None 


t-Malate (0-005 m) 
L-Malate (0-005m) 


None 
None 
L-Malate (0-005 m) 
L-Malate (0-005 m) 


2-85 ml. diluted 10-fold 


Exp. 2 
2-12 ml. diluted 8-fold None 
None 


Sorbitol (0-01 m) + Co1(3-1 x 10-*m) 


+sorbitol dehydrogenase + 
nicotinamide (0-01 m) 


In these experiments difficulty was experienced 
in reproducing the ‘sparking’ phenomenon. It was 
found that while preparations in which the wet 
tissue was diluted with water about fourfold 


required no addition of a Krebs intermediate for 
rapid octanoate oxidation, at a tenfold dilution 
there was negligible octanoate oxidation even when 
Krebs-cycle intermediates were present. At inter- 
only 


mediate dilutions slight stimulation of 


: Octanoate Acetoacetate 
Octanoate O, uptake used formed 
(0-0025 m) (umoles) (umoles) (umoles) 
Absent 1-0 — 0-4 
Present 10-1 — 5:8 
Absent 0-4 — 0-6 
Present 2-0 -- 1:3 
Absent 6-8 — 0-5 
Present 11-1 _- 2-2 
Absent 0-6 -— 0-0 
Present 0-5 — 0-1 
Absent 2-7 -- 0-0 
Present 3-4 — 0-6 
Absent 1-4 —- 0-9 
Present 0-6 0-0 0-4 
Absent 6-3 — 0-8 
Present 6-2 0-0 1-0 


Anaerobic dehydrogenation of fatty acids 


The experiments described above showed that in 
washed ‘particulate preparations’ sorbitol de- 
hydrogenation was without influence on the overall 
oxidation of fatty acids. The possibility still re- 
mained that if sorbitol. antiketogenesis were & 
result of competition for Co1, and there existed a 
particular step in fatty acid oxidation for which Co! 
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was specifically required, then it might be possible 
to demonstrate competitive inhibition of this 
isolated reaction by sorbitol in a simplified system. 
Such a Cot-dependent step occurring in the 
sequence of reactions involved in fatty acid oxida- 
tion is unknown, but the activating effects of Cor on 
octanoate oxidation are consistent with its ex- 
istence. A Co1-dependent dehydrogenation of the 
fatty acid chain would be a reaction of the required 
type, and a search was therefore made for such a 
process. 


Table 8. Anaerobic dehydrogenation of octanoate in 
Thunberg tubes with washed ‘particulate prepara- 
tion’ and various co-factors 


(The complete system consisted of 0-20 ml. octanoate 
(0-001 m), 0-05 ml. MgCl, (0-004), 0-05 ml. ATP (0-001 m), 


0-05 ml. KCl (005m), 0-07 ml. nicotinamide (0-01™), 
025ml. Cor (7-8x10-‘m), 0-05ml. methylene blue 
(0:006%), 020ml. neutral HCN (0-005m), 0-10 ml. 


potassium phosphate buffer, pH 7-4 (0-01m), 0-70 ml. 
washed ‘particulate preparation’ and water to give a final 


volume of 2-00 ml. 38°.) 
Reduction time 


(min.) 
Exp. 1 
Complete system 2-8 
Octanoate omitted 8-2 
ATP omitted 14-7 
Cot omitted 3-0 
KCl omitted 3-0 
MgCl, omitted 3-4 
Nicotinamide omitted 2-7 


Exp. 2. (KCl, MgCl, and nicotinamide omitted. 
Preparation obtained from liver of starved rat) 


Complete system 5-5 
Octanoate omitted 15-0 
Cor omitted 5-5 


Exp. 3 (KCl, MgCl,, nicotinamide and Cot omitted. Liver 
from fed rat. Reaction mixture also contained malonate, 
0-01 m) 


Complete system 5-5 
Octanoate omitted oo 
ATP replaced by yeast adenylic acid Oo 


In Thunberg experiments fatty acids were incu- 
bated with washed ‘particulate preparations’ in the 
presence of Cor and with methylene blue as hydro- 
genacceptor. A rapid dehydrogenation of octanoate 
occurred under these conditions, but it was subse- 
quently found that added Co1 was without influence 
on the rate of the reaction (Table 8), even in liver 
preparations from fasted rats. Consequently, it was 
not possible to demonstrate an interaction between 
this dehydrogenation of fatty acids and sorbitol 
dehydrogenation. Nevertheless, the fatty acid de- 
hydrogenation was briefly investigated, and the 
results are reported below. 

Co-factors for fatty acid dehydrogenation. Table 8 
shows that Coli, nicotinamide or magnesium sul- 
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phate were unnecessary for the reaction, and it was 
also independent of the electrolyte (potassium 
chloride) concentration. The only co-factor necessary 
was ATP and this requirement was specific; ATP 
could not be replaced by adenosine-3-phosphate. 
(Adenosine diphosphate and adenosine-5-phosphate 
were not available.) 

Substrate and reaction rates. When a series of 
straight-chain fatty acids was tested with the 
washed ‘particulate preparation’ and ATP by the 
Thunberg technique, all the saturated acids from 


Table 9. Substrate specificity of the fatty acid 
dehydrogenase system of rat liver 


(Tubes contained fatty acid, 0-05 ml. ATP (0-001m), 
0-50 ml. potassium phosphate buffer, pH 7-4 (0-025m), 
0-05 ml. methylene blue (0-0125%), 0-10 ml. neutral HCN 
(0-005m), 0-10 ml. malonate (0-01m), 0-60 ml. washed 
‘particulate preparation’ and water to give a volume of 
2-00 ml. In Exp. 2 the reaction volume was 4-00 ml., but 
concentrations of compounds other than fatty acid were 
kept the same as in (1). Temp. 38°.) 


Fatty acid (0-001 ™m) Reduction time (min.) 


Exp. 1 
None co 
Acetate re) 
Propionate © 
Butyrate Partial reduction in 60 min. 


n-Pentanoate 19- 


] 


n-Hexanoate 5-2 
n-Heptanoate 7-0 
n-Octanoate 5-5 
Nonanoate 8-5 
Decanoate 9-2 
Laurate Partial reduction in 60 min. 
Myristate Partial reduction in 60 min. 
Palmitate 10-0 
Stearate 11-0 
Undecylenate Partial reduction in 60 min. 
Oleate 14-0 
Exp. 2 
Fatty acid (0-00025™m) 
None 40-0 
Octanoate 5-0 
Laurate 6-2 
Myristate 9-8 
Palmitate 6-5 
Stearate 58 
Undecylenate 6-5 
Oleate 8-7 


C, to C,, were dehydrogenated (Table 9). The re- 
action proceeded most rapidly with hexanoate and 
the rate fell off quickly with shortening of the 
carbon chain. Acids with carbon chains shorter 
than that of butyrate were not attacked. Hepta- 
noate, octanoate and nonanoate were attacked at 
about the same rate as hexanoate and decanoate at 
about half this rate. Acids of greater chain length 
than C,, reacted more slowly still, but stearate and 
palmitate reacted more rapidly than laurate and 
myristate. The slower reaction of the higher acids, 


18-2 





276 
especially C,, and C,,, was apparently due to the 
surface effects of these compounds, for when the 
concentration of fatty acid was lowered from 0-001 
to 0-00025mM their reaction rates were considerably 
increased. At this concentration laurate, palmitate 
and stearate reacted almost as rapidly as octanoate, 
while myristate reacted at approximately half this 
rate. 

The only unsaturated acids tested were unde- 
cylenate and oleate, which reacted at rates similar 
to those of saturated acids of similar chain length. 
The participation of oleate in the reaction is 
significant and is discussed below. 


R. L. BLAKLEY 


1952 


methylene blue in absence of substrate without 
inhibiting dehydrogenation of fatty acids, the de- 
hydrogenation was normally carried out in the 
presence of 0-01M-malonate and 0-005mM-HCN. 

Intracellular distribution of the enzyme system. 
When a homogenate of rat liver in 0-88M-sucrose 
was fractionated by centrifuging according to the 
abridged method of Lehninger (1949), the fatty acid 
dehydrogenase activity was found only in the mito- 
chondrial fraction (Table 11). The soluble fraction 
was difficult to test for activity because of the rapid 
reduction of the methylene blue by endogenous 
substrates. 


Table 10. Effect of malonate and cyanide on aerobic dehydrogenation of fatty acids 


(Tubes were filled as for Table 8, Exp. 1. Temp., 38°.) 


Complete system 
Octanoate omitted 


Complete system + 0-20 ml. neutral HCN (0-005m) 
Octanoate omitted; 0-20 ml. neutral HCN (0-005m) 
Complete system +HCN (0-005) + malonate (0-01 ™) 
Octanoate omitted; HCN (0-005) + malonate (0-01 m) 


Stability of the dehydrogenase. The enzyme system 
responsible for the dehydrogenation was rather 
rapidly inactivated at the incubation temperature 
of 38°, so that after 60 min. no further reduction of 
the methylene blue occurred. This explains why 
slow dehydrogenations did not reach completion at 
all (Table 9). 


Table 11. Intracellular distribution of the enzyme 
system causing anaerobic dehydrogenation of fatty 
acids 


(Tubes were filled as for Table 9, Exp. 1 except that the 
homogenate fraction added was as indicated below. 
Temp., 38°.) 


Reduction 

Octanoate time 

Homogenate fraction (0-001 m) (min.) 
Mitochondria Absent co 
Mitochondria Present 7-0 
Nuclear fraction Absent 0 
Nuclear fraction Present oc 
‘Soluble fraction ’* Absent 3-2 
‘Soluble fraction ’* Present 3-2 
Mitochondria + nuclear fraction Absent oO 
Mitochondria + nuclear fraction Present 6-7 


* Submicroscopic particles and soluble material. 


Effect of inhibitors. The anaerobic dehydro- 
genation of fatty acids was not inhibited by 
0-005 M-potassium cyanide, nor by 0-01 M-malonate 
(Table 10). Arsenite (0-003M), dinitrophenol 
(0-00025™m), fluoride (0-01Mm) and arsenate (0-005, 
tested in absence of phosphate) increased the 
reduction time two- to three-fold. Since malonate 


and cyanide increased the time for reduction of 


Reduction time 
(min.) 


DISCUSSION 


The main object of the present investigation has 
been to determine whether the antiketogenic effects 
of sorbitol and iditol are explicable in terms of a 
competitive inhibition of fatty acid oxidation. Of 
the possible factors for which sorbitol dehydrogena- 
tion and fatty acid oxidation might compete, Co 
and ATP seem the most likely. Cot is essential to the 
enzymic oxidation of sorbitol and t-iditol, and ATP 
is probably involved in the further metabolism of 
the fructose and sorbose produced respectively by 
the dehydrogenation of these compounds. It has 
been shown, on the other hand, that the presence of 
Co1 or ATP is essential for fatty acid oxidation, and 
with liver preparations from fasted animals maximal 
oxidation was found to occur only when both Cot 
and ATP were supplied. A situation in which both 
Cor and ATP would limit fatty acid oxidation 
would arise if they were involved in a rate-limiting 
synthesis of Com, and the latter were essential for 
some step in fatty acid oxidation. 

The experimental results indicate, however, that 
under conditions where competition for Cor or ATP 
or both might occur, sorbitol dehydrogenation was 
without influence on fatty acid oxidation. Neither 
the complete system for sorbitol dehydrogenation, 
nor various combinations of its components, showed 
any consistent tendency to diminish the oxidation 
of octanoate or stearate in washed ‘particulate 
preparations’ from rat-liver homogenates. 

An attempt has also been made to isolate some 
step of fatty acid oxidation which requires Col, in 
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the expectation that such a reaction would be com- 
petitively inhibited by sorbitol dehydrogenation. 
This investigation revealed an anaerobic dehydro- 
genation of straight-chain fatty acids with 4 to 18 
carbon atoms, but the essential co-factor proved to 
be ATP and not Cot, so that the reaction is not 
relevant to the antiketogenesis problem. 

This dehydrogenation of fatty acids is of interest, 
however, since it seems to be different from the 
‘desaturation’ reaction described by Lang (1939) 
and by Annau, Eperjessy & Felszeghy (1942, 1943). 
Hypoxanthine and adenosine-5-phosphate are the 
coenzymes for the desaturation reaction (Lang & 
Mayer, 1939a, 6), in which an olefinic linkage is 
introduced into the centre of the carbon chain of 
higher fatty acids, and the purified enzyme is 
reported to require Cor (Burton, 1948). The de- 
hydrogenation described here was activated by 
addition of ATP, but adenosine-5-phosphate would 
be formed under the experimental conditions. 
Properties of the dehydrogenation system which dis- 
tinguish it from the desaturation system, however, 
are its apparent independence of Cot, its ability to 
attack fatty acids of short and intermediate chain 
length, its insensitivity to cyanide (cf. Lang & Mayer, 
1939a) and its association with subcellular par- 
ticles. Furthermore, oleic acid is readily dehydro- 
genated, whereas it inhibits the desaturation enzyme 
(Burton, 1948) and accumulates during stearate 
desaturation (Lang & Adickes, 1939). 

It is possible that the anaerobic dehydrogenation 
of fatty acids described in these experiments repre- 
sents the initial step or steps of the aerobic process of 
B-oxidation. Consistent with this suggestion are the 
requirement for ATP, the location of the enzyme 
system in subcellular particles (probably mito- 
chondria), and the wide range of fatty acids attacked. 
If this is the case «f-unsaturated acids may be 
produced in the reaction, although the unexpected 
participation of ATP may imply more profound 
changes in the structure of the fatty acid. 

The role of Cot in fatty acid oxidation remains 
obscure, for although added Cor stimulated octa- 
noate oxidation in particulate liver preparations, 
the dehydrogenation of fatty acids appeared to be 
independent of added Cot. It is clear that this does 
not eliminate the possibility that Cot is a cofactor in 
fatty acid dehydrogenation, for bound Cot is present 
in mitochondria (Cross, Taggart, Covo & Green, 
1949); nevertheless, the dehydrogenation is appar- 
ently not the site of the action of added Cor. Added 
Cor may act by accelerating the synthesis of some 
other essential factor, or by supplying energy 
through its enzymic reduction and re-oxidation. 

To return to the problem of antiketogenesis, 
another possibility investigated was that sorbitol 
dehydrogenation is able to initiate or accelerate 
fatty acid oxidation under conditions in which the 
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‘sparking’ effect of malate and other Krebs-cycle 
intermediates has been reported to occur. In these 
experiments the ‘sparking’ effect of malate could be 
observed only with ‘particulate preparations’ sus- 
pended in water to give tissue concentrations within 
rather narrow limits. Under conditions in which 
some ‘sparking’ by malate did occur, sorbitol de- 
hydrogenation was ineffective as a ‘sparker’. A 
possible explanation of the non-requirement of 
‘sparker’ under most conditions by these prepara- 
tions is that they contained traces of oxidizable 
substrates. The oxygen uptake of these preparations 
in absence of added substrate was very low, how- 
ever, amounting to about 10% of that in the 
presence of fatty acid. Figures given by Lehninger 
& Kennedy (1948) for rat-liver preparations, and by 
Grafflin & Green (1948) for rabbit-kidney prepara- 
tions which required ‘sparking’, show about the 
same oxygen uptake in absence of added substrate 
compared with that in presence of fatty acid. 
Furthermore, it was found that a fourth washing of 
the preparation with isotonic potassium chloride 
produced no change in the preparation as regards 
requirement of ‘sparker’. 

It has always been assumed that the ketone 
bodies produced in the diabetic or fasted animal 
are largely formed by hepatic oxidation of the fatty 
acids mobilized to the liver as carbohydrate reserves 
are depleted. Consequently, the antiketogenic 
effect has been sought by looking for a suppression of 
hepatic oxidation of fatty acids. But it now seems 
probable that antiketogenic agents inhibit the for- 
mation of acetoacetate arising, not from the oxida- 
tion of fatty acids, but from some other source, for 
the following reasons. Antiketogenic agents do not 
diminish the production of acetoacetate from fatty 
acids added to liver slices (Edson, 19366; Weinhouse, 
Millington & Friedman, 1949). Furthermore, it has 
been found that in cell-free systems sorbitol de- 
hydrogenation has no effect on fatty acid oxidation. 
Finally, although sorbitol and fatty acid oxidation 
proceed unaffected after the tissue has been homo- 
genized, antiketogenesis no longer occurs. It is 
possible that absence of the antiketogenic effect in 
homogenates is due to destruction of essential 
factors, or that disorganization of the cell stops 
equilibration between bound mitochondrial Cor and 
Cor outside the mitochondria. Alternatively, dis- 
ruption of the cell may be considered to dislocate 
a complex series of metabolic events with which 
ketogenesis is fundamentally concerned. The syn- 
thesis of fatty acids may be suggested as such a co- 
ordinated process which is disrupted by destruction 
of the cell, and which might be intimately con- 
nected with antiketogenesis. 

In the liver of the fasted animal synthesis of long- 
chain fatty acids practically ceases (Masoro, 
Chaikoff, Chernick & Felts, 1950), a similar failure of 
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fatty acid synthesis being also observed in the livers 
of diabetic animals (Brady & Gurin, 1950; Chernick, 
Chaikoff, Masoro & Isaeff, 1950). The question 
arises, what is the fate, in the diabetic or fasted 
animal, of the metabolic intermediates which 
normally act as precursors of long-chain fatty 
acids? One possibility which must be considered is 
that they are stabilized as acetoacetate. In this 
event, that is, if ketone bodies are produced both by 
oxidation of fatty acids and from fatty acid pre- 
cursors, antiketogenic agents may act by restoring 
fatty acid synthesis and consequently diminishing 
formation of acetoacetate from the precursors of 
fatty acids. Such a hypothesis is consistent with the 
facts discussed above, and offers an explanation of 
the fact that antiketogenic agents do not suppress 
more than 70% of acetoacetate formation and 
usually much less, and that their effect is rather 
variable (Blakley, 1951). 

There remains the question of the manner in 
which an antiketogenic agent such as sorbitol could 
assist the restoration of fatty acid synthesis. 
Sorbitol antiketogenesis is attributable, at least in 
part, to the dehydrogenation of sorbitol, because 
sorbitol is more effective than fructose in diminish- 
ing acetoacetate production (Blakley, 1951). It is 
possible that the effect of sorbitol dehydrogenation 
is to furnish a direct and readily available source of 
energy through the reoxidation of reduced Cot, 
a process yielding two energy-rich phosphate bonds 
per molecule (Lehninger, 1949). Glycerol and L- 
iditol, which are strongly antiketogenic in vitro, and 
lactate, which is moderately so, may also act by 
providing a ready supply of energy in this way. 
Ethanol and malate, although dehydrogenated by 
liver enzymes requiring Co1, are not antiketogenic 
in rat-liver slices (Edson, 1936a, 6), but this is 
explained by their failure to be oxidized appreciably 
under these conditions as shown by the figures for 
oxygen uptake. On such a hypothesis oxidation of 
reduced Cor is considerably more efficient than 
glucose or fructose oxidation in supplying energy for 
fatty acid synthesis in liver slices since sorbitol and 
iditol are more antiketogenic in vitro than glucose, 
fructose or sorbose. This may be explained in part 
by assuming that the oxidation of reduced Cot is in 
fact a good source of energy for synthetic reactions 
especially when it is rapidly formed by a vigorous 
dehydrogenation such as the oxygen uptake figures 
show sorbitol to undergo in liver slices. It may also 
be due in part to unfavourable conditions for glucose 
oxidation in the livers of diabetic or fasted animals 
(Stetten & Stetten, 1951). An alternative explana- 


tion of the effect of sorbitol dehydrogenation is that 
reduced Cot is used to reduce acety] radicals (‘active 
acetate’) to fatty acid. 

To test these hypotheses techniques are required 
which were outside the scope of the present in- 
vestigation. If they are correct, the in vitro anti- 
ketogenic effect of sorbitol involves a fundamental 
change in the intermediary metabolism of fat which 
may operate in the intact animal in spite of the 
rapid conversion of sorbitol to glucose in vivo 
(Stetten & Stetten, 1951). 


SUMMARY 


1. Spontaneous ketogenesis has been demon- 
strated in liver homogenates of fasted rats, and has 
been found independent of added co-factors. Such 
spontaneous ketogenesis and the formation of 
acetoacetate from added substrates in homogenates 
is not affected by added sorbitol even when the 
latter is being rapidly oxidized. 

2. For the activation of octanoate oxidation in 
washed mitochondria suspensions, coenzyme I (Cot) 
can replace adenosinetriphosphate (ATP); when 
livers from fasted rats are used for the preparation 
of mitochondria the activating effects of ATP and 
Cot are additive. 

3. The oxidation of octanoate with acetoacetate 
formation in washed mitochondria suspensions is 
unaffected by the simultaneous dehydrogenation 
of sorbitol by purified dehydrogenase prepara- 
tions. The results are unchanged by the pre- 
sence or absence of Cor and of Co1-cytochrome ¢ 
reductase. 

4. In the presence of methylene blue and ATP, 
saturated fatty acids (C, to C,,), undecylenate and 
oleate are dehydrogenated anaerobically in sus- 
pensions of the washed particles from rat-liver 
homogenates. No other co-factors are required; 
adenosine-3-phosphate cannot replace ATP. 

5. The anaerobic fatty acid dehydrogenase 
system is probably located in the mitochondria. It is 
not inhibited by 0-005m-hydrocyanic acid or 
0-01 M-malonate. 

6. The significance of these results for theories of 
the mechanism of sorbitol antiketogenesis is dis- 
cussed. 


It is a pleasure to acknowledge my indebtedness to Prof. 
N. L. Edson whose advice and criticism were an invaluable 
aid. Iam grateful also to the New Zealand Medical Research 
Council for a Fellowship during the period in which this 
work was performed. 
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By P. A. CHARLWOOD 
Courtauld Institute of Biochemistry, Middlesex Hospital Medical School, London, W.1 


(Received 13 February 1952) 


Marked deviations from normal in the quantitative 
distribution of the serum proteins of nephrotic 
cases have been demonstrated by several methods, 
notably electrophoresis (Longsworth, Shedlovsky 
& MacInnes, 1939; Longsworth & MacInnes, 1940; 
Luetscher, 1940; Thorn, Armstrong, Davenport, 
Woodruff & Tyler, 1945). The presence of abnorm- 
ally large amounts of lipid (Longsworth & MacInnes, 
1940; Thorn e¢ al. 1945), indicated the possibility of 
qualitative changes also. A number of different 
approaches have been made to decide whether 
there are any such differences between normal and 
nephrotic serum proteins, or between these and 
nephrotic urinary proteins. 

Hewitt (1927) was unable to differentiate between 
serum and urinary albumin by determinations of 
optical rotatory power and dispersion. Similarly, 
Widdowson (1933) found no differences in the 
optical rotation, specific refractive increments, or 
racemization curves. None of these properties 
would, however, be likely to depend very critically 
on molecular weight, unless the alteration in mole- 


cular weight were associated with the incorporation 
of inaterial other than protein. 

The finding of Alving & Mirsky (1936), that the 
‘albumin’ fraction, separated by half-saturation of 
nephrotic sera with ammonium sulphate, had a low 
cystine content is almost certainly due to the 
presence, in the supernatant ‘albumin’ solution, of 
a large proportion of «-globulin rich in lipid. As 
Gutman (1948) pointed out, the incompleteness of 
such separations must be taken into account when 
assessing results obtained with the fractions. (See 
also Bradley & Tyson, 1948.) 

As regards electrophoretic properties, Longsworth 
& MacInnes (1940) noted that the mobilities of the 
urinary albumins were lower than those of normal or 
the corresponding serum albumins. It was dis- 
covered by Luetscher (1939) that the two com- 
ponents which separated from both nephrotic 
serum and nephrotic urinary albumin during 
electrophoresis at pH 4 were in approximately the 
same relative proportions, but their ratio differed 
from that found with normal human albumin. 
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Somewhat similar phenomena have been observed 
by Hoch-Ligeti & Hoch (1948) during protracted 
electrophoresis at pH 8. 

It is important to establish whether the mole- 
cular weights of nephrotic proteins are perceptibly 
abnormal. Although osmotic measurements by 
Widdowson (1933) failed to reveal any variation, 
Bourdillon (1939), also on the basis of osmotic 
measurements, claimed that the molecular weights 
of the serum proteins were higher, and those of the 
urinary proteins lower, than normal. Diffusion 
constants determined by Longsworth & MacInnes 
(1940) tended to support the contentions of Bour- 
dillon (1939), as albumin from the urine possessed 
a higher diffusion constant than normal. Malmros & 
Blix (1946) measured the sedimentation constants 
of the urinary albumin in three cases, finding no 
detectable departure from their own normal value. 
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The initial concentration of protein in the urine samples 
varied within wide limits from one patient to another and 
often between samples from the same patient at different 
times. Consideration was given to the possibility of con- 
centrating the urinary proteins by complete precipitation 
and subsequent solution in a reduced volume, by ultra- 
filtration (cf. Rigas & Heller, 1951), or by dialysis against 
gum arabic, polyvinyl pyrrolidone, or dextran solutions. As 
none of these methods was felt to be completely free from 
objection in the present instance, work was confined to 
samples of urine containing at least 0-5 % total protein, thus 
obviating the need for preliminary concentration. It did, 
however, mean that duplicate preparative runs were often 
essential, as with the sera. 

Sedimentation measurements. The technique previously 
used (Charlwood, 1952) was adhered to, with one small 
exception, in spite of the appearance in the meantime of a 
potentially rather more accurate method of locating the 
peaks on the photographic plates (Kegeles & Gutter, 1951). 
The precision of this Fresnel interference method of Kegeles 


Table 1. Sedimentation constants of nephrotic human albumins 


Buffer used Solvent for Protein concn. 

Sample no.* in isolation sedimentation (% S20, 
Sl Phosphate (J =0-1) Phosphate (J =0-1) 0-25 4-21} 
U1 * sp a a 0-17 4-297 
S 2 Veronal (J =0-05) 0-2N-sodium chloride 0-24 4-327 
U 2 ” ” ” ” 0-19 4:30i7 
U3 - me a eS 0-20 4-34 
S4 Veronal (J =0-1) 0-05N-sodium chloride 0-21 4-24 
U4 2” ” ” ” 0-17 4-32 
S5 a - “ a 0-17 4-30 
U5 ” ” ” ” 0-19 4-30 
S 6 - $s a os 0-20 4-26 
U6 ” ” ” ” - 0-21 4-27 
S7 -. ae = 3 0-17 4-23 
U7 ” ” ” ” 0-22 4-31 
S8 a “ 5s » 0-26 4:24 
U 8 ” 2 ” ” 0-19 4-31 


* § and U refer respectively to serum and urinary albumins, whilst numbers indicate particular patients. 


+ Refrigeration used during these runs. 


Since neither a diffusion constant, nor a sedimenta- 
tion constant, is alone sufficient for the unambiguous 
estimation of a molecular weight, it was considered 
desirable that both these quantities should be 
measured for the same preparations. Albumin was 
selected, as it constitutes the major portion of the 
urinary protein, it is relatively homogeneous, and it 
can be isolated electrophoretically without great 
difficulty. 


EXPERIMENTAL 


Electrophoretic separations were carried out exactly as 
described by Charlwood (1952). In several cases the 
albumin content of the serum was so low that duplicate pre- 
parative runs were necessary, the products being bulked 
prior to the subsequent analytical run. This procedure 
proved superior to the alternative of extending the length of 
a single run because, owing to the large amount of lipid- 
rich «-globulin, convections tended to develop in the as- 
cending limb and were liable to prevent a complete separa- 
tion. 


{ Mean of two determinations. 


& Gutter (1951) decreases somewhat at the lower concentra- 
tions used here, the standard error reaching about 1%. The 
minor alteration referred to above was the adoption of a 
null method in making rotor temperature measurements 
with the contact thermocouple and galvanometer. 

Diffusion measurements. The apparatus of Creeth (1952) 
was used under the conditions described by Charlwood 
(1952). Unfortunately it was not possible to prepare and 
examine more concentrated solutions of nephrotic albumins, 
to investigate the distribution of bands in the interference 
pattern. 


RESULTS 


Sedimentation measurements. The values in 


Svedberg units, obtained for the sedimentation 
constants, corrected to water at 20°, are shown in 
Table 1. In carrying out the corrections the same 
value of V, 0-733 has been used as for normal human 
albumin (see Charlwood, 1952). Even if the true 
value of V differs considerably from this, the 
magnitude of the correction is little affected. This is 
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in marked contrast to the dependence of molecular 
weight on the value of V used in calculations based 
on the combined sedimentation and diffusion 
results (see Discussion). All the values for the 
nephrotic albumins fall within the limits defined for 
normal albumins under similar conditions, i.e. 
4-27, + 0-08 (Charlwood, 1952). The mean value for 
the serum albumins is 4-26, and for the urinary 
4:30,. Statistical analysis shows that only in the 
latter case is there any likelihood of these mean 
values representing real departures from normal, 
the value of the probability lying between 0-03 and 
0-1, depending on whether possible effects of con- 
centration are ignored or approximately allowed for. 
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values has been discussed earlier (Charlwood, 1951, 
1952). Since that work was completed evidence of 
further discrepancies between oil-turbine and other 
ultracentrifuge measurements has become available 
(Kegeles & Gutter, 1951). However, the chief 
concern here is the comparison of the behaviour of 
normal and pathological specimens under similar 
conditions. 

Malmros & Blix (1946) quoted 4-58, 4-54 and 4-52, 
for three different urinary albumins, as agreeing 
with their normal human albumin value, but 
the protein concentrations were not specified. 
McFarlane (1935a,6) compared corresponding 
serum and urinary albumins, concentrating the 


Table 2. Diffusion constants of nephrotic human albumins 


Sample Buffer used Solvent for Protein concen. No. of 
no.* in isolation diffusion % experiments Deo,» 
U3 Veronal (J =0-05) 0-2N-sodium chloride 0-20 + 6-62 
S4 Veronal (J =0-1) 0-05 N-sodium chloride 0-21 4 6-29 
U4 ” 2 ” ” 0-17 4 7-04 
S5 J oF Fos es : 0-17 3 4-85 
U 5 ? ” ” ” 0-19 + 6-63 
S 6 ” ” ” ” 0-20 4 6-09 
U6 < ss o a 0-21 4 6-23 
S7 ; - _ 2 0-17 4 5-78 
a7 ° . 2 0-22 4 6-50 
S8 ” ” ” ” 0-26 4 6-02 
U 8 ” ” ” ” 0-19 4 6-51 


* Sample numbers denote the same materials as those in Table 1. 


Diffusion measurements. Table 2 gives the diffu- 
sion constants of the nephrotic albumins, reduced 
to water at 20° and expressed in terms of the unit of 
10-7 cm.” sec.—1. _In w previous paper it was shown 
that corresponding normal albumins have a mean 
diffusion constant of 6-32 (Charlwood, 1952). 
Taking into account the small, real differences which 
exist between normal preparations and the errors of 
measurements, on the basis of 95 % fiducial limits, 
values obtained by the present method and lying 
within the range 6-11-6-52 may be classed as 
normal. Of the five serum albumin values shown in 
Table 2 only one falls within this range, a second 
slightly below the lower limit, whilst the other three 
are definitely low. Of the six urinary albumins three 
gave high diffusion constants, two fall practically on 
the upper limit of the range and only one appears 
quite normal. in every case the diffusion constant 
of the serum albumin was lower than that of the 
corresponding urinary component. 


DISCUSSION 


Sedimentation results. Previcus sedimentation 
experiments with nephrotic albumins are confined 
to oil-turbine ultracentrifuge measurements by 
McFarlane (1935a, 6) and Malmros & Blix (1946). 
The question of the absolute accuracy of oil-turbine 


latter by means of ammonium sulphate precipita- 
tion. There was some suggestion that sedimentation 
was respectively slower and faster than usual, but 
in practically every case the differences did not 
exceed the probable experimental error. Although 
this is interesting in view of the present results, the 
main conclusion must be that there is no really 
valid evidence for deviations from normal as regards 
sedimentation. 

Diffusion results. The diffusion of albumin from 
one case of nephrosis was studied by Longsworth & 
MacInnes (1940). Otherwise the only work described 
on this subject is that of McFarlane (1935a, 6) who 
observed the spreading of sedimenting boundaries. 
In two nephrotic sera the rate of spreading of the 
albumin boundary was abnormally high; but, since 
the ‘X’ protein peak was not visible, this could be 
ascribed to the polydispersity of the material in the 
boundary under consideration. In one case the 
corresponding urinary protein showed about the 
same degree of spreading, whilst in the other it was 
lower, although still greater than normal. It does 
not seem possible to draw definite conclusions from 
McFarlane’s observations, owing to the reservation 
expressed concerning the identity of the material 
responsible for the boundaries. Measurements of 
diffusion constants from ultracentrifuge patterns 
are prone to err on the high side should the material 
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be at all polydisperse and are liable to be influenced 
by vibrational disturbance. Consequently, reliance 
can be placed only on measurements made under 
conditions free from such objections. 

The diffusion constants obtained by Longsworth 
& MacInnes (1940) for a normal human serum and a 
nephrotic urinary albumin, when corrected to 20°, 
become 6-39 and 6-72 respectively. Their normal 
value is consistent with determinations made by the 
present technique (Charlwood, 1952). In addition, 
their urinary albumin diffused more rapidly than 
normal, in accord with the conclusions based on 
Table 2. 

Molecular weights. On the assumption that the 
present results may be used without appreciable 
error in place of 8%, and Dp .. (Charlwood, 1952), 
molecular weights may be calculated, the partial 
specific volume, V’, being the only remaining factor 
needed. It would have been impossible to determine 
this quantity with the requisite accuracy from the 
small amounts of material isolated in this work. 
Consequently, for the purpose of comparison, it has 
been necessary to assume that V is the same as for 
normal albumin (cf. Longsworth & MacInnes, 1940). 
Unless a significant part of the pathological albumin 
molecule consists of material which is not protein, 
this assumption is probably justified. Then, taking 
V =0-733, the molecular weights calculated for the 
nephrotic serum albumins range from the normal 
value of about 62 000 (Charlwood, 1952) to 80 000, 
whilst the urinary ones lie between normal and 
55 000. The limitations implicit in these statements 
must be emphasized. The molecular weights apply 
only to the albumin fraction which is isolated by 
electrophoresis under the present conditions and 
they are conditional on the correctness of V. It 
should be noted, however, that the type of error 
most likely to be incurred is that which would be 
occasioned if the molecules of pathological albumin, 
particularly the serum albumin, included lipid 
portions. Then V would actually be higher and the 
above molecular weight estimates would be too 
low. 

The osmotic pressure measurements of Bourdillon 
(1939) gave a molecular weight of 72 000 for normal 
human albumin, 57 000-67 000 for different neph- 
rotic urinary albumins and 99 000-122 000 for 
nephrotic serum albumins. Bourdillon was careful 
to point out that his ‘albumin’ was defined as that 
part of the protein which remained in solution after 
half-saturation with ammonium sulphate. As is now 
well known (Gutman, 1948), this fractionation is 
imperfect and the albumin from nephrotic serum is 
accompanied by much «-globulin. The inferences 
from Bourdillon’s measurements are, therefore, 
somewhat inconclusive. The objection of possible 
contamination with «-globulin does not apply to the 
electrophoretically isolated materials, as the 
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analytical experiments failed to reveal any globulin 
impurity. The degree of resolution was sufficiently 
high to have detected, in most cases, the proportion 
of globulin which would be required to account for 
high values of molecular weight. 

The general conclusions are that the mean mole- 
cular weights of nephrotic serum albumins are often 
higher than normal, the urinary usually lower. 
Deductions which can be made from these observa- 
tions depend on whether the serum (or urinary) 
albumin is polydisperse or of uniform molecular 
weight. The evidence of Luetscher (1939), Hoch 
(1948, 1950) and Hoch-Ligeti & Hoch (1948) from 
electrophoresis and the diffusion characteristics of 
normal human albumin (Charlwood, 1952) make the 
former alternative by far the more probable. The 
combination of techniques used here does not give 
any simple average of molecular weight of poly- 
disperse material (Ogston, 1949). 

It would be expected that any smaller molecules 
would pass more readily through the kidney unless 
specific effects predominated. This agrees with the 
observed lower mean molecular weight of the 
urinary albumins and also with the fact that the 
albumin to globulin ratio is higher in nephrotic 
urine than in serum (Malmros & Blix, 1946). How- 
ever, Rigas & Heller (1951) found that it is appar- 
ently the globulin components which predominate 
in the small quantities of urinary protein en- 
countered in normal subjects. 

The further possibility, mentioned by McFarlane 
(19356), that differences in the urinary protein 
might be due to chemical or biochemical action of 
constituents of the urine, whilst by no means ex- 
cluded, has not been discussed, because the ab- 
normally high molecular weights found for the 
serum albumins help to make such a hypothesis 
superfluous. 

Thus, although the nephrotic albumins are 
definitely abnormal, the evidence is not sufficient to 
decide whether the cause lies in an unusual distribu- 
tion of normal albumin components or in the 
presence of new components. Present techniques do 
not permit fractionation of the albumin. If this 
should become possible and the fractions be 
distinguishable immunologically, it might be feasible 
to demonstrate the existence, or otherwise, of 
abnormal molecules. 


SUMMARY 


1. The albumin fractions of a number of nephrotic 
sera and urine samples have been isolated electro- 
phoretically. 

2. Sedimentation constants for these prepara- 
tions in the concentration range 0-2-0-3 % agreed 
with determinations previously made on normal 
human albumins. 
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3. In the Gouy diffusiometer the nephrotic 
serum albumins generally diffused more slowly, 
and the urinary albumins more rapidly, than 
normal. 

4, It has been demonstrated that nephrotic 
albumins are abnormal. Probably the mean mole- 
cular weights of nephrotic serum and urinary 
albumins are respectively higher and lower than 
normal, 
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89. METABOLIC PRODUCTS OF PENICILLIUM MULTICOLOR G.-M. AND P. WITH 
SPECIAL REFERENCE TO SCLEROTIORIN 


By J. H. BIRKINSHAW 
Department of Biochemistry, London School of Hygiene and Tropical Medicine, 
University of London 


(Received 12 March 1952) 


During the routine testing of a number of moulds for 
new metabolic products five strains of Penicillium 
multicolor Grigorieva-Manilova and Poradielova 
came under observation. Four of these five strains 
produced in the mycelium a yellow colouring 
matter which was extractable with light petroleum 
and which bore « strong resemblance to a chlorine- 
containing compound obtained from P. sclerotiorum 
van Beyma by Curtin & Reilly (1940) and named by 
them sclerotiorin(e). Sclerotiorin had already been 
obtained independently in these laboratories in 1940 
by Dr R. F. Hunter from the mycelium of P. 
sclerotiorum. This finding was not recorded in the 
literature since publication was forestalled by 
Curtin & Reilly (1940), but there was no doubt from 
the source of the substance, its composition 
(particularly its chlorine content) and a com- 


parison of properties that Dr Hunter’s isolate was 
identical with sclerotiorin. Since Hunter’s pre- 
paration was still available it was compared with 
the substance isolated from the various strains of 
P. multicolor and identity was established. 

One of the strains of P. multicolor (no. N.R.R.L. 
2324, Northern Regional Research Laboratory, 
Peoria, Illinois) afforded, in addition to sclero- 
tiorin in the mycelium, a culture solution which on 
acidification to about 0-5N with hydrochloric acid 
gave a deposit of crystalline needles. This apparently 
new product, denoted as product I, was somewhat 
soluble in water but was reprecipitated on acidifica- 
tion. It had m.p. 110-5° and gave in aqueous solu- 
tion a cherry-red colour with ferric chloride. From 
the analysis and determination of the equivalent the 
new product had the probable empirical formula 
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C,3H,,0,. Extraction with ether of the filtrate 
obtained after precipitation of the above product 
afforded a second new product, product II, as pale 
yellow leaflets, softening at 128—132° and clearing at 
133-134° after preliminary shrinking. In aqueous 
solution this product also gave a cherry-red colour 
with ferric chloride. Analysis indicated an empirical 
formula of C,;H,,0,. These products were isolated 
only from the first batch of flasks of strain no. 
N.R.R.L. 2324. Since further supplies were un- 
obtainable these substances could not be further 
investigated. 

Advantage was taken of the fact that higher 
yields of sclerotiorin were obtainable from P. multi- 
color than had been recorded from P. sclerotiorum, 
to prepare a quantity of the material from the 
former species after selecting the highest yielding 
strain. It was thus possible to characterize the 
material more completely by the preparation of 
several crystalline derivatives and by further 
analyses of sclerotiorin itself and of the derivatives 
to advance a more firmly based empirical formula. 
Sclerotiorin was found to have a high optical 
rotation: [«]?}°+500°; other properties were in 
agreement with those described by Curtin & 
Reilly (1940). The empirical formula considered to 
be in best agreement with all the analyses is 
C,,H,,0;Cl, although C,,H,,;O;Cl is not completely 
excluded. Curtin & Reilly (1940, correction) 
ascribed to sclerotiorin the formula C,)>H,,0;Cl on 
the basis of one analysis. 

With 1 molecule of 2:4-dinitrophenylhydrazine, 
sclerotiorin forms a compound Cy ,Ho)0,N,Cl 
which is probably a hydrazone. With hydroxyl- 
amine in excess, 2 mol. combine with 1 of sclero- 
tiorine to give C,;Ho3;0,N;,Cl which contains 
1 mol. of water less than is required for a dioxime. 
Sclerotiorin reacts immediately with 1 mol. of 
ammonia in the cold with loss of 1 mol. of water 
yielding C;Ho42¢)0,NCl. This product, and the 
alkaline-hydrolysis acid, C,»>H,,O0,, had previously 
been obtained by Dr R. F. Hunter but were not 
investigated in detail. It appears probable that 
sclerotiorin contains one reactive aldehyde or keto 
group capable of forming a hydrazone or oxime; in 
the reaction with the second molecule of hydroxyl- 
amine and with ammonia some type of heterocyclic 
ring formation may be involved. 

When sclerotiorin is warmed with dilute alkali, 
hydrolysis occurs and a colourless optically active 
monobasic acid, C,>H,,0,, m.p. 92—92-5°, can be 
isolated in almost quantitative yield assuming 
Imol. from Imol. of sclerotiorin. This acid is 
doubly unsaturated and, from the fact that it adds 
on maleic anhydride, the double bonds appear to be 
conjugated. The other fission products were 


amorphous and have not yet been further examined. 
Ozonolysis of the unsaturated C,) acid affords in 
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low yield an acid, C;H,O,, which was identified as 
B-acetylacrylic acid, CH;CO.CH—CH.COOH, by 
comparison with a synthetic specimen of the free 
acid and by comparing the respective 2:4-dinitro- 
phenylhydrazones. An optically active aldehyde or 
ketone, C;H,)O, also a product of ozonolysis, was 
isolated in good yield as the (+ )-2:4-dinitrophenyl- 
hydrazone. Since this must have an asymmetric 


carbon it can have only one formulation namely | 


CH,.CH,.CH(CH;).CHO which is 2-methyl-n- 
butanal, the aldehyde corresponding with the 
optically active (fermentation) amyl alcohol found 
in fusel oil. Badin & Pacsu (1945) have described 
the 2:4-dinitrophenylhydrazone of this compound; 
their values for melting point and optical rotation 
correspond closely with ours. On the basis of these 
facts the product of alkaline fission of sclerotiorin 
must have the constitution 4:6-dimethylocta-2:4- 
dienoic acid, CH,.CH,.CH(CH,).CH—C(CH,). 
CH=—CH.COOH. 

The reason for the low yield of B-acetylacrylic acid 
obtained on ozonolysis is no doubt due to the fact 
that it is susceptible to further oxidation at the 
double bond. In confirmation of this a small amount 
of a bisdinitrophenylhydrazone was isolated which, 
as a mixed melting point determination indicated, 
was in all probability derived from methylglyoxal. 
This would be one of the expected products of 
ozonolysis of B-acetylacrylic acid. 

There is one discrepancy which remains to be 
explained. The C,, acid was found to yield 1-8 C- 
methyl groups per molecule whereas the postulated 
constitution has three such groups. The group 
—=CH.C(CH,)—CH is stated by Kuhn & L’Orsa 
(1931) to give 85% of the theoretical value for 
1 C-CH, group. No evidence was available for the 
effect of the other two methyl groups present in the 
radical CH,.CH,.CH(CH,;)—. 2-Methyl-n-butanol 
(racemic) was therefore examined and found to 
yield only 37 % of the theoretical value for 2 C-CH; 
groups. The total acetic acid formed from the Cy 
acid should therefore be 0-74+ 0-85 mol. = 1-6 mol., 
which is in fairly good agreement with the 1-8 mol. 
actually found. 

The constitution of one fission product of sclero- 
tiorin has thus been determined; further work is in 
progress to establish the structure of the rest of the 


molecule. 
EXPERIMENTAL 

Organism. Five strains of P. multicolor Grigorieva- 
Manilova and Poradielova were examined. These were ob- 
tained from Dr K. B. Raper of the Northern Regional 
Research Laboratory, Bureau of Agriculture, Peoria, 
Illinois, U.S.A., under the catalogue numbers N.R.R.L. 764, 
N.R.R.L. 2058, N.R.R.L. 2059, N.R.R.L. 2060 and N.R.RB.L. 
2324. Strain N.R.R.L. 2058 was received by us in July 1948, 
the remainder in December*1949. All the strains except 
N.R.R.L. 2324 are mentioned in A Manual of the Penicillia 
(Raper & Thom, 1949). 
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Medium. The usual Czapek-Dox medium of the following 
composition was employed: NaNO, 2-0 g., KH,PO, 1-0 g., 
KCl 0-5g., MgSO,.7H,O 0-5g., FeSO,.7H,O, 0-01 g., 
glucose 50 g., water to 11. The medium was distributed in 
11. conical flasks, 350 ml. per flask. The flasks were plugged 
with cotton wool and sterilized by steaming on three 
successive days. They were then inoculated from wort agar 
slope cultures and incubated at 24° for the prescribed period. 

Characteristics of cultures. The five strains of P. multicolor 
(twenty flasks of each strain) were incubated for 17 days, 
when ten flasks of each strain were harvested. The remaining 
ten flasks of each strain were harvested after 24 days. The 
following appearances were noted. 

N.R.R.L. 764. Considerable pigmentation and sporing 
(in some flasks only sparse). All heavily sporing flasks had 
a strongly curled mycelium forming an island in the centre 
of the culture fluid. 

N.R.R.L. 2058. Pure white mycelium. Traces of colour 
round edges. Pale medium. 
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Isolation of sclerotiorin from mycelia. The mycelium from 
each group of flasks was ground in a mortar and extracted in 
a Soxhlet with light petroleum of b.p. 40-60°, the yield of 
solid crystalline material separating from the petrol being 
collected each day. The extraction was continued until the 
day’s yield (6 hr.) was less than 1 g. The crude sclerotiorin 
extracted from the mycelium by petrol was orange-yellow in 
colourand had m.p. about 200°. The product from each strain 
was separately recrystallized once from methanol, and then 
consisted of bright yellow needles melting 3-4° higher than 
previously and in each case showing no depression when 
mixed with the sclerotiorin obtained by Hunter from 
P. sclerotiorum. The collected data are recorded in Table 1. 
The whole of the partially extracted mycelia was finally 
combined and re-extracted continuously with petrol to 
exhaustion. In this way a further 11-4 g. of sclerotiorin 
were obtained. The total yield of pure sclerotiorin obtained 
from the five strains was 30-0 g., although from one strain, 
N.R.R.L. 2058, the yield was nil. The best yield was ob- 


Table 1. Data obtained on harvesting groups of ten flasks of Penicillium multicolor incubated at 24° 


Further 
yield of 
Glucose in Soxhlet M.p. of sclerotiorin 
Time of pH of culture Wt. of dry yield of recrystallized from combined 
Strain growth culture fluid mycelium __sclerotiorine sclerotiorin mycelia 
N.R.R.L. (days) fluid %) (g.) (g.) (°) (g.) 
764 17 4-0 0-20 32-4 0-8 204-205 
2058 17 3-7 0-81 42-2 Nil — 
2059 17 4-0 0-60 37:7 3-6 202-203 
2060 17 4-4 0-71 41-6 6-3 204-205 
9324 17 4-9 0-63 32-8 2-7 205-206 11-4 
764 24 4-6 Nil 32-3 0-9 
2058 24 4:3 0-21 47-6 Nil 
2059 24 4-5 0-10 38-7 2-8 
2060 24 5-1 0-21 43-6 6-6 
2324 24 5-2 0-18 32-0 2-4 


N.R.R.L. 2059. Strong sporing and colour. 

N.R.R.L. 2060. Colour strong, less sporing. Strong brown 
coloured reverse. 

N.R.R.L. 2324. White, wrinkled mycelium, a few showing 
colour. Colour round edges, strong brown reverse. 

At the termination of the incubation period the culture 
fluid was filtered from the mycelium, which was dried in a 
vacuum oven. Glucose was determined polarimetrically in 
the filtrate, pH by indicator papers. 

Reactions of the culture solution with aqueous FeCl, at 
17 days were as follows: N.R.R.L. 764, solution intense 
emerald-green colour, very heavy precipitate not highly 
coloured; N.R.R.L. 2058, nil; N.R.R.L. 2059, almost 
immediate very heavy precipitate, pale buff; N.R.R.L. 2060, 
fair reddish-orange colour and slight precipitate; N.R.R.L. 
2324, deep reddish-purple colour, overnight buff flocculent 
precipitate. Similar, perhaps somewhat more intense, 
reactions were obtained at 24 days. 

On acidification with HCl the culture fluid of strain 
N.R.R.L. 2324 alone gave an immediate turbidity followed 
by a crystalline deposit consisting of bunches of colourless 
needles apparently slightly less in amount after 24 than after 
17 days. 

No antibacterial activity was shown by the culture fluid of 
any strain against Micrococcus pyogenes var. aureus (Oxford 
H strain) or Escherichia coli (National Collection of Type 
Cultures R 6). 


tained from strain N.R.R.L. 2060 where the crude yield was 
15 % of the weight of the dry mycelium, without taking into 
account the fact that the mycelium at this stage was not 
completely extracted. This is a great improvement on 
the yield of 2% obtained by Curtin & Reilly (1940) from 
P. sclerotiorum. 


Isolation of metabolic products from culture fluid 
of strain N.R.R.L. 2324 


The total filtrate from the ten flasks of strain N.R.R.L. 
2324 incubated for 24 daysgave a reddish-purple colour with 
aqueous FeCl,. It was acidified with 150 ml. of cone. HCl 
(diluted with 150 ml. of water) to render it about 0-5n. 
Almost colourless needles of product I were slowly deposited. 
After being chilled overnight the crystals were collected, 
washed with 0-5 n-HCland dried. The faintly yellow crystals, 
wt. 0-41 g. had m.p. 108°, raised on sublimation to 110-5°. 
They were somewhat soluble in cold, more readily in hot 
water. They were precipitated again from cold water on 
addition of HCl to 0-5n. The aqueous solution gaveacherry- 
red colour with FeCl,; the compound did not contain 
halogen (Beilstein test). Found (Weiler): C, 58-5; H, 6-4%. 
No nitrogen present. C,,H,,0; requires C, 58-4; H, 6-2; 
C,3H,,0, requires C, 58-2; H, 6-0%. Equivalent by titration: 
0-0275 g. required 1-78 ml. 0-1N-NaOH to neutralize to 
phenolphthalein; the end point was difficult to determine 
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owing to a yellow colour produced with alkali. Equivalent 
146. C,,H,,0; (dibasic) requires 113. C,,;H,,0, (dibasic) 
requires 134. When the titrated solution was acidified to 
0-5 with HCl the original acid crystallized. 

The filtrate from the acidified culture solution was 
extracted by shaking with ether (1-51.+1-01.+1-01.). On 
evaporation of the solvent 2-35 g. of a semi-solid residue 
remained. The extracted liquor after neutralization no 
longer gave a red-purple colour with FeCl,. The ether 
extract was treated with successive portions of hot water. 
Crystals were obtained from the aqueous solution on cooling 
(0-31 g.) and a further amount (0-17 g.) on acidification of 
the mother liquor. These fractions had m.p. 123-124° with 
preliminary softening. A third fraction (0-35 g.) had m.p. 
121°. Crystallization from ethyl acetate-benzene afforded 
pale yellow plates or leaflets consisting of product II, m.p. 
130-131°. After sublimation in high vacuum the substance 
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also recorded in Table 2. The overall yields of reasonably | 
pure sclerotiorin from the three batches (neglecting the | 
cruder material obtained by concentration of the petrol used | 


for extraction) amounts to 12:3 % of the dry weight of the 
mycelium. 


Sclerotiorin 


A sample recrystallized from methanol was sublimed in 
high vacuum at 170-180°, bath temperature. The product 
had m.p. 205-206°, unchanged on a second sublimation. 

Found (Weiler and Strauss): C, 64-6, 64-2, 64-2; H, 6-0, 
6-1, 5-8; Cl, 10-2, 9-1, 9:2 %; mol.wt. (Rast) 400, 393. (Found 
(Imperial Chemical Industries, Welwyn): C, 64-1, 64-6; 
H, 6-2, 6-2; Cl, 8-9, 9-0. Calc. for C.,H,30;Cl: C, 64-5; H, 5-9; 
Cl, 9:1 %; mol.wt. 391. Cale. for C.,H,,0,Cl: C, 64-2; H,6-4; 
Cl, 9:0%; mol.wt. 393. Optical activity: [o]3790 + 549°; 
[a]?}° + 500° (c, 1 in CHCI,).) 


Table 2. Data for two batches of strain N.R.R.L. 2060 and one of N.R.R.L. 2324 of Penicillium multicolor 


Final Dry 
pH of wt. of 
Strain No. of Period culture mycelium 
Batch N.R.R.L. flasks (days) medium (g.) 
1 2060 101 18 4-6 411 
2 2060 100 20 4:5 379 
3 2324 100 18 5-0 345 


* By polarimeter. 


began to melt at 128°, clearing at 135°. Recrystallized from 
ethyl acetate, it shrank at 126°, softened at 128-132°, 
clearing at 133-134°. This behaviour appears to be character- 
istic and not due to impurity. The cherry-red FeCl, colour 
reaction in aqueous solution was almost identical with that 
obtained from product I. The substance contained no 
chlorine (Beilstein test) or methoxyl group. Found (Weiler 
and Strauss): C, 54-6; H, 6-3; C,,H,,O, requires C, 54-5; 
H, 6:3. 

Unfortunately these two products, obtained from the 
culture filtrate, were only present in minute amount or 
absent from subsequent batches, so that they could not be 
further studied. 

Accumulation of stock of sclerotiorin. Strain N.R.R.L. 
2060, which had been selected from the preliminary experi- 
ment as affording the best yield of sclerotiorin was used for 
the preparation of a supply of the material. The details as to 
medium, method of culture and harvesting were the same as 
described for the preliminary experiment. The dry mycelium 
was ground in a mortar and extracted to exhaustion with 
light petroleum (b.p. 40-60°) in a large percolator with 
reflux condenser attached. The daily yield was filtered off 
and fresh petrol was used to continue the extraction. By 
evaporation of the petrol to small volume further recoveries 
of impure sclerotiorin from solution were made. The data 
for two batches of flasks worked up in this manner are 
recorded in Table 2. 

In an attempt to obtain supplies of the products I and II 
from the culture fluid of strain N.R.R.L. 2324, one batch of 
100 flasks was inoculated with this strain. The culture solu- 
tion gave practically no FeCl, reaction and the desired 
products could not be isolated, but the yield of sclerotiorin 
from the mycelium was over 40 g. The data for this batch are 


Yield of crude 
sclerotiorine Recovered 
Final —————“—_—_——_ M.p. from ; 
glucose % of of crude _ evaporation 
concn. Wt. dry product of petrol 
%) (g-) | mycelium (°) (g.) 
0-64* 47-2 11-5 200-2 2-6 
0-40* 51-2 13-5 200-2 3-2 
0-52 41-5 12-0 199-201 2-8 
+ By Benedict method. 
Derivatives 


2:4-Dinitrophenylhydrazone. 
zine (0-20 g.) was dissolved in ethanol (25 ml.) and sclero- 
tiorin (0-40 g., 1 mol. propn.) was added, followed by two 
drops of cone. HCl. The solution became dark red. It was 
refluxed for 20 min. and allowed to cool. Crystals (rods) had 
already begun to separate from the boiling solution. The 
crystals, intense dark red in colour, almost purple in bulk, 
were collected, washed with ethanol and dried in vacuo. The 
2:4-dinitrophenylhydrazone, wt. 0-47 g., did not melt up 
to 360°. (Found (I.C.I. Welwyn): C, 57-0, 56-9, 56°8, 
56-9; H, 5-3, 5-2, 4-9, 4-9; N, 9-5, 9-3; Cl, 58, 6-2, 62%. 
C.,H,,0,N,Cl requires C, 568; H, 4:8; N, 98; CL, 
6-2. C,,H,,O0,N,Cl requires C, 56-6; H, 5-1; N, 9-8; Cl, 
6-2%.) 

Compound with hydroxylamine. Sclerotiorin (0-25 g.) was 
dissolved in ethanol (10 ml.) by warming, and hydroxyl- 
amine hydrochloride (0-25 g.) was added. The mixture 
rapidly darkened to an almost black liquid. It was refluxed 
for 0-5 hr. and allowed to cool. As there was no separation of 
crystals it was poured into water, and the bulky dark-red 
flocculent precipitate was collected, washed with water and 
dried. The product (0-26 g.) had m.p. 135-148°. After being 
twice recrystallized from methanol-water (4:1 v/v) the 
product (0-12 g.) was-in the form of clusters of microplates, 
deep orange in colour, and appeared homogeneous. The 
product shrank and darkened from 164°, softened about 
170° to a black tar, but there was no definite melting point. 
(Found (Weiler and Strauss): C, 62-9, 62-0; H, 6-4, 6-2; 
N, 7:0; Cl, 8-8. C,,H,,0,N,Cl requires C, 62-6; H, 5-75; N, 
7-0; Cl, 8-8; C,,H,,0,N,Cl requires C, 62-3; H, 6-2; N, 6-9; 
Cl, 88%.) 


2:4-Dinitrophenylhydra- 
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Compound with ammonia. Sclerotiorine (1-0 g.) was 
dissolved by gentle agitation in conc. NH, (d, 0-880, 20 ml.). 
The deep red solution obtained (5 min.) was immediately 
diluted with water (100 ml.) and made faintly acid to Congo 
red with 2N-H,SO,. The red precipitate was collected, 
washed with water and drained. Without drying it was 
crystallized from methanol (40 ml.)-water (20 ml.). The 
bright red needles obtained (0-85 g., m.p. 228°, to a black 
tar), were recrystallized from the same solvent. The product 
then had m.p. 228-229° (decomp.). (Found (I.C.I. Welwyn): 
C, 64:8, 64-9; H, 6-1, 6-2; N, 3-5, 3-6; Cl, 9-1, 9-2%. 
C,;H,,0,NC] requires C, 64-7; H, 6-2; N, 3-6; Cl, 9-1; 
C.,H,,0,NCI requires C, 64-3; H, 6-7; N, 3-6; Cl, 9-05 %. 


Degradation 


Alkaline hydrolysis. Isolation of Cy) acid. Sclerotiorin 
(5g., the crude petrol extract is quite satisfactory) was 
suspended in N-NaOH (500 ml.) and the mixture was 
warmed on the water bath to 50-55° with frequent shaking 
and maintained for about 0-5 hr. All the solid dissolved, 
forming a dark yellow-brown solution. The solution was 
cooled to 10° and 2N-H,SO, (250 ml.) was added slowly with 
shaking and cooling so that the temperature did not rise 
above 15°. Then a slight excess of acid was added until the 
mixture was acid to Congo red. When the precipitate had 
settled the mixture was filtered. The solid was a light 
chocolate-brown powder when dry, wt. 2-63 g. 

The solid was extracted with cold light petroleum (b.p. 
40-60°, 4.x 50 ml.), filtering from the brown amorphous 
material. The crystalline orange-coloured residue (wt. 
1-70 g.) left on removal of the petrol was recrystallized from 
methanol (20 ml.)+water (20 ml.) to give a slightly 
coloured product (1-55 g.) of m.p. 91-92°. This was dissolved 
in NaOH (0-4N, 25 ml.) and the solution was treated with 
decolorizing carbon (1 g.). On acidification with HCl the 
Cy) acid formed a crystalline precipitate of colourless rods, 
m.p. 92-92-5°, from which chlorine was absent. (Found 
(Weiler and Strauss): C, 71-7; H, 9-1; C-CH,, 16-1%. 
CioH,,0, requires C, 71-4; H, 9-6, mol.wt. 168, for 1 C-CH;, 
89%, for 2, 17-9%, for 3, 26-8 %.) 

Equivalent. 0-5313 g. of the acid required 31-6 ml. of 
0-1x-NaOH for neutralization to phenolphthalein, giving an 
equivalent of 168. 

Optical rotation. [«]?%) +82-7°, 
ethanol). 


[a] 2059 + 71°4° (c, 4 in 


Derivatives of Cy) acid 


Hydrogenation. Adams’s catalyst (PtO,, 0-1000 g.) was 
hydrogenated at room temperature in ethanol (50 ml.) and 
required 11-12 ml. of H,. The C,) acid (0-4965 g.) was then 
added and the hydrogenation continued. The uptake of H, 
was slow and practically ceased after 40 min. when 52-4 ml. 
({uncorr.) of H, had been absorbed. A further amount 
(0-1000 g.) of Adams’s catalyst was added without prior 
reduction and the hydrogenation continued. The uptake 
was now rapid and reached constancy in 20 min. when a 
further 93-4 ml. (uncorr.) of H, had been absorbed (after 
allowing for catalyst uptake). The total uptake of H, at 
N.T.P. by the acid was 132ml. For an uptake of four 
atoms of H 0-4965 g. of a compound C,,H,,0, requires 
132 ml. 

The solution was filtered from the catalyst and made up 
to 100 ml. with ethanol for determination of optical rotation, 
using a 4 dm. tube. [«];4, + 22-0° in ethanol (c, 0-5). 
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On evaporation of the ethanol in vacuo a pale amber- 
coloured oil, consisting of the C,) tetrahydro acid, remained 
(0-494 g.). It was dried to constant weight over P,O; for 
analysis. (Found (Weiler and Strauss): C, 69-9; H, 11-6; 
Ci9H 90, requires C, 69-7; H, 11-7% mol.wt. 172.) 

Equivalent. The hydrogenated acid (0-4137 g.) in 5 ml. of 
ethanol was titrated with 0-1N-NaOH. It required 22-70 ml. 
(corr. for ethanol blank). Equivalent, 182, indicating a 
monobasic acid if C,,H.0,. 

p-Bromophenacyl ester. The above neutralized solution 
was evaporated in vacuo to about 5 ml. and refluxed with 
p-bromophenacylbromide (0-634 g.) in ethanol (30 ml.) for 
lhr. A trace of sediment was filtered off. On chilling the 
solution, crystals (shining leaflets) appeared which re- 
dissolved at room temperature. The chilled solution was 
filtered quickly giving 0-20 g. of plates, m.p. 40-55°. The 
product was dissolved in light petroleum, filtered from a 
little insoluble matter and recrystallized from 90 % aqueous 
methanol, giving colourless plates, m.p. 41°, of the p-bromo- 
phenacyl ester. (Found (Weiler and Strauss): C, 58-8; H, 6-8; 
Br, 21-3; C,,H,,0, Br requires C, 58-55; H, 6-8; Br, 21-6 %.) 

Diels-Alder product from Cy, acid. The Cy, acid (0-3 g.) and 
maleic anhydride (0-2 g.) were fused together (without 
solvent) and maintained at 100—110° for 2 hr. The viscous 
oily product was taken up in a little dry ether. On evapora- 
tion of the ether a crystalline mass remained. This was 
redissolved in dry ether, filtered, and an equal volume of 
light petroleum (b.p. 40-60°) was added. Crystals of the 
addition product slowly deposited, of m.p. 144-152°, after 
three recrystallizations 147—148°, and on final sublimation 
149-150°. (Found (Weiler and Strauss): C, 62-4; H, 6-5; 
C,,H,,0; requires C, 63-1; H, 6-8.) This indicates that the 
acid contains a conjugated double-bond system. 


Degradation of Cy) acid by ozonolysis 

The Cy, acid (0-50 g.) was dissolved by shaking in water 
(50 ml.) containing NaHCO, (0-50 g.). Ozonized oxygen was 
passed through the solution at room temperature, the out- 
flow being bubbled through Brady’s reagent (2:4-dinitro- 
phenylhydrazine (0-3%) in 2N-HCl). A yellow precipitate 
began to form in the bubbler and the reaction mixture 
became slightly turbid. The ozone was stopped after 2-5 hr. 
but the O, stream was continued for a further 1 hr. After 
standing overnight, the pH was 8-0-8-4. The solution was 
extracted with ether (2 x 25 ml.). The ether extract gave 
only a small amount of material precipitable with Brady’s 
reagent; this was not further examined. Air was bubbled 
through the aqueous layer to remove traces of ether and then 
n-HCI (5-95 ml.) was added to take up all the alkali. The 
white crystalline precipitate produced (0-07 g.) had m.p. 
92-93° and was unchanged (Cj, acid. 

The filtrate from the acid was evaporated in vacuo and the 
distillate was titrated. The operation was repeated after 
addition of water (50 ml.) up to four times in all. The titrated 
volatile acids amounted to 24-83+5-20+0-98+0-32= 
31-3 ml. of 0-1N. The non-volatile residue in the flask was 
titrated and found to require 5-31 ml. of 0-1N-NaOH. The 
equivalent amount of HCl was added and the solution was 
evaporated to dryness in vacuo. The residue was refluxed for 
afew minutes with 100 ml. then 50 ml. ofether. On evapora- 
tion of the ether a crystalline solid mixed with oil was ob- 
tained, of wt. 0-08 g. The mixture was fractionated from 
ether-light petroleum. Some of the fractions were oily, but 
from the best fraction about 20 mg. were picked out and 
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sublimed at water-pump vacuum. This product ‘shrank 
slightly at 110°, softened at 120-122° and melted at 123- 
124°, showing a crystalline sublimate in the melting point 
tube. (Found (Weiler and Strauss): C, 52-2; H, 5-1; cale. for 
C;H,O3: C, 52-6; H, 5-3%.) A sample of B-acetylacrylic acid 
was prepared synthetically from laevulic acid via B-bromo- 
laevulic acid according to the method of Wolff (1891). After 
crystallization from benzene and sublimation at water 
pump vacuum the synthetic product showed the following 
behaviour in the melting point tube: shrinks 115-120°, 
softens 122°, melts 124-125°. A mixture of the ozonolysis 
and synthetic acids behaved as follows: shrinks 110°, 
softens 122°, melts 124—125°. From the fact that there was 
no depression the conclusion was drawn that the acid 
produced by ozonolysis was acetylacrylic acid. This con- 
clusion was confirmed by preparation of the dinitrophenyl- 
hydrazone. 

2:4-Dinitrophenylhydrazone of ozonolysis acid. The 
residues from the crystallization of the above acid were dis- 
solved in water and treated with Brady’s solution (50 ml.). 
After 2 days, the bright yellow precipitate was collected and 
dried. Wt. 0-06 g., m.p. 263-264° (decomp.). On recrystal- 
lization from dioxan crystalline aggregates consisting of 
microrods of the 2:4-dinitrophenylhydrazone separated 
(0-03 g.), m.p. 263-264° (decomp.), darkening and shrinking 
from 260°. (Found (Weiler and Strauss): C, 45-0; H, 3-5; 
N, 19-2; cale. for C,,;HpO,N,: C, 44-9; H, 3-4; N, 19-1%.) 
Asample of the 2:4-dinitrophenylhydrazone was prepared in 
like manner to the above from synthetic B-acetylacrylic acid. 
After recrystallization from dioxan it had m.p. 263-264° 
(decomp.) with darkening and shrinking from 260°. A 
mixture of this substance with the dinitrophenylhydrazone 
derived from the ozonolysis product showed no depression in 
melting point. 

2:4-Dinitrophenylhydrazone in bubbler. The yellow solid 
which had been precipitated in the bubbler containing 
Brady’s reagent was collected (wt.0-44 g.) and recrystallized 
first from ethanol and then twice from light petroleum (b.p. 
80-100°), filtering from a little insoluble matter. The melting 
point of the main product was then constant at 133-5°. 
(Found (Weiler and Strauss): C, 49-8; H, 5-3; N, 21-0; 
ceale. for C,,H,,0O,N, (from C;H,,0): C, 49-6; H, 5-3; N, 
21-0 %.) 

Optical activity: [c]}%; +44-2°, [a]}%+38-0° (c, 1 in 
acetone). Badin & Pacsu (1945) give for the 2:4-dinitro- 
phenylhydrazone of (+)-2-methylbutanal-1 the values: 
m.p. 132-5-133°, [«]p +32-1° in acetone (c, 4-99). The petrol- 
insoluble material from the bubbler was an orange powder. 
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The amount was too small for recrystallization. It gave an 
intense blue-violet colour when dissolved in ethanol and 
treated with a drop of dilute NaOH indicating that it was a 
bisdinitrophenylhydrazone. It had m.p. 300° (decomp.) 
and showed no depression when mixed with authentic 
methylglyoxal bis 2:4-dinitrophenylhydrazone. 

Carbon-methyl determination on 2-methylbutanol. The 
determination was made on a sample of racemic ‘active 
amyl alcohol’ (8-methylbutanol) obtained from British 
Drug Houses. (Found (Weiler and Strauss): C-CH, 125%. 
Theor. for C;H,,0 (with 2 C-CH,): C-CH, 34-0 %.) The value 
found is thus 37 % of theoretical. 

All melting points are uncorrected. 


SUMMARY 


1. Five strains of Penicillium multicolor Grig- 
orieva-Manilova and Poradielova were investi- 
gated. From the mycelium of four of these strains 
sclerotiorin was isolated in considerably higher 
yield than had been obtained by Curtin & Reilly 
(1940) from the mycelium of P. sclerotiorum van 
Beyma. 

2. From the analysis of sclerotiorin itself and its 
derivatives the most probable empirical formula is 
C,,H,,0,Cl. It has [«]}° + 500° in CHCl, (ec, 1). 

3. When sclerotiorin is warmed with dilute 
aqueous sodium hydroxide it is hydrolysed giving 
a crystalline doubly unsaturated monobasic acid, 
C,oH,,0,. The acid gives rise to (+)-2-methyl-n- 
butanal and f-acetylacrylic acid on ozonolysis, 
indicating that the acid has the constitution 
(+ )-4:6-dimethylocta-2:6-dienoic acid. 

4. In addition, two new products were isolated 
from the culture fluid of one strain of the fungus. 
These two substances, product I, m.p. 110-5°, and 
product II, m.p. 133-134°, after softening at 128- 
132°, both gave in aqueous solution a cherry-red 
colour with ferric chloride. From the analyses 
probable empirical formulae were deduced as 
follows: product I, C,;H,,0, ; product IT, C,3H,,0;. 


I wish to thank Messrs Imperial Chemical Industries Ltd., 
Butterwick Research Laboratories, The Frythe, Welwyn, 
for carrying out many of the elementary analyses. 
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Phosphates of Brain during in vitro Metabolism: Effects of Oxygen, 
Glucose, Glutamate, Glutamine, and Calcium and Potassium Salts 


By H. McILWAIN 
Biochemical Laboratories, Institute of Psychiatry (British Postgraduate Medical Federation, 
University of London), Maudsley Hospital, S.E. 5 


(Received 21 January 1952) 


It has been reported previously from this laboratory 
that labile phosphates can be resynthesized by 
portions of cerebral tissue suspended in suitable 
fluid media in vitro (McIlwain, Buchel & Cheshire, 
1951). In the present paper the phosphates are 
further characterized and shown to include sub- 
stances with the properties of adenine polyphos- 
phates. Evidence was presented previously which 
suggested that concentrations, in the tissue, of the 
labile phosphates or of their breakdown products, 
conditioned the rates of overall processes such as 
respiration or glycolysis. To pursue this theme the 
effects on the phosphates of altering some consti- 
tuents of the suspending media have been examined, 
choosing constituents which are known markedly to 
affect respiration and glycolysis. Oxygen, glucose, 
glutamate and glutamine (see Weil-Malherbe, 1938; 
Stern, Eggleston, Hems & Krebs, 1949), and calcium 


Possible interference by phosphopyruvic acid in determina- 
tion of phosphocreatine. Characterization of one of the labile 
phosphates resynthesized in vitro as creatine phosphate, 
depended previously on (a) its precipitation as Ca salt at 
pH 9 by 80% but not by 10 % ethanol, (b) its determination 
as inorganic phosphate by Fiske & Subbarow’s conditions 
(see Hawk, Oser & Summerson, 1947) but not by Lowry & 
Lopez’s (1946) conditions, (c) the approximate equivalence 
between the quantity of creatine and of labile phosphate 
precipitated as described in (a). In these determinations, 
creatine was measured by Jaffe’s reaction, which is not very 
specific and, in particular, is given also by pyruvic acid. 
Further, phosphopyruvic acid would be expected to be 
partly precipitated under the conditions (a) above. In 
interpreting the experiments with glutamic acid, it was 
particularly important to be aware of any possible inter- 
ference from pyruvic acid, and therefore the maximum 
extent to which phosphopyruvic acid might contribute 
to the values obtained for creatine was estimated as 
follows. 


Table 1. Possible contribution by phosphopyruvate to phosphocreatine values 


(Guinea pig cerebrai-vortex slices (1-48 g.) were distributed between three 100 ml. vessels each containing 15 ml. 
glycylglycine-glucose saline, and shaken in O, for 40 min. Determinations by titration with 0-005M-Na,S,0, are described 


in the experimental section.) 


I, consumed (yequiv./g. tissue) 


Equivalent phosphopyruvic acid (umoles/g. tissue) 


Equivalent ‘creatine’ (moles/g. tissue) 


and potassium salts (see Dickens & Greville, 1935; 
Canzanelli, Rogers & Rapport, 1942) have now been 
investigated in this way. The phosphates were 
found to be affected by all these substances, in a 
fashion which shows an interesting pattern of 
relationships to the concomitant changes in 
respiration and glycolysis. 


EXPERIMENTAL 


The salines were based on those described by MclIlwain 
(1951 a), and McIlwain et al. (1951). Any departures from 
these are described in the experiments concerned. Slices of 
cerebral cortex from guinea pigs were the main experimental 
material and were handled, and inorganic phosphates 
determined, according to McIlwain et al. (1951). Glutamate 
solutions were made by taking the L( + )-acid to pH 7-2 with 
NaOH. 
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Ca-10% ethanol Ca-80% ethanol 


precipitate precipitate 
4-71 9-83 
0-79 1-64 
0-07 0-15 


Brain-cortex slices were prepared from two guinea pigs 
and caused to respire for 40 min. in glycylglycine-glucose 
saline. They were extracted with trichloroacetic acid and the 
Ca salts fractionated as indicated above. The precipitates 
were dissolved or suspended in water and the consumption of 
I, determined according to Lohmann & Meyerhof’s (1934) 
method for phosphopyruvic acid. The I, may oxidize sub- 
stances other than phosphopyruvic acid; however, a 
maximum figure for the phosphopyruvic acid could be given 
on the basis of the consumption of 6 equiv. I, by 1 mole of 
the acid (Table 1). The extent to which pyruvic acid reacted 
as creatine in the Jaffe determination was determined by 
finding the apparent creatine from 0-25, 1 and 5 umoles of 
pyruvic acid, before and after the preliminary acid treat- 
ment involved in the Jaffe reaction. The treatment was not 
found to alter the apparent values, which were between 
0-064 and 0-094 pmole creatine/umole pyruvate. The higher 
value has been used for calculating in Table 1 the possible 
interference of phosphopyruvate in the phosphocreatine 
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determinations. As a normal value for phosphocreatine in 
brain slices is 1-5 umoles/g., the interference could not be 
more than 10% and is probably less. There is thus no reason 
to doubt that the previous characterization of phospho- 
creatine was adequate. 

Acid hydrolysis of phosphates from slices. This also required 
about 1-5 g. of slices, which were caused to respire, ex- 
tracted, and fractionated by Ca-ethanol as indicated above. 
Each precipitate was then made up to 5 ml. in water, 5 ml. 
2n-HCl added, and the mixture, in a stoppered tube, put 
into a bath at 100°. Specimens (2 ml.) were taken at 0, 7, 
15 and 30 min. and their inorganic phosphate determined 
by Fiske & Subbarow’s method (see Hawk e¢ al. 1947). 


RESULTS 
Glucose and oxygen on phosphates 
The resynthesis of phosphocreatine which took 
place in oxygenated salines containing glucose, did 
not take place in the absence of glucose or oxygen. 
Values are quoted in Table 2. The inorganic phos- 


Table 2. Glucose and oxygen on phosphates 


(Bicarbonate-glucose saline with Ca was used and the 
gases contained 5% (v/v) CO,. Experiments were at 37° 
for 40 min. Phosphates were determined after chemical 
separation.) 


Inorganic Creatine 
phosphate phosphate 
Conditions (umoles/g.) (umoles/g.) 
With glucose and O, 3-82 1-33 
No glucose; with O, 5-02 0-31 
With glucose and O, 3-10 1-45 
Glucose and N, 3-96 0-31 


phate in absence of glucose or oxygen was higher by 
an amount about equivalent to the fall in creatine 
phosphate. Respiration continued in the absence of 
glucose for much longer than the experiments of 
Table 2, but at a rate which was initially somewhat 
less than that in the presence of glucose, and which 
gradually fell further. 
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expected in the present preparations. These ac- 
cordingly would be expected to contain adenine 
polyphosphates. Table 3 gives evidence indicating 
that this is the case. In examining the effects of 
different agents on the phosphates of slices as 
described in the following sections, our observations 
have at present been confined to the inorganic and 
creatine phosphates. This is because determination 
of, for example, the adenine polyphosphates by the 
present methods require more tissue, and also 
because the inorganic and creatine phosphates show 
the greatest susceptibility to applied agents in vivo 
(Stone, Webster & Gurdjian, 1945; Klein & Olsen, 
1947). 
Glutamate on phosphates 

Determination after calcium separation. A major 
redistribution in the phosphates of brain-cortex 
slices took place when glutamate was added to 
media in which they were respiring. Table 4 (Exp. 1) 
shows the large fall in phosphocreatine which 
occurred when glutamic acid was added to media 
containing glucose. Glutamine had nearly the same 
effect. The fall took place even in the small quantity 
of phosphocreatine which remained in the slices 
after their metabolism in the absence of added sub- 
strate (Exp. 3). In all the experiments of Table 4 
relatively little change in inorganic phosphate was 
associated with the addition of glutamic acid or 
glutamine. 

When glutamate replaced glucose as substrate, 
changes in both inorganic phosphate and phos- 
phocreatine were found. Table 5 shows this, to- 
gether with the concomitant changes in respiration. 
Phosphocreatine fell markedly on replacing glucose 
by glutamate; inorganic phosphate and also res- 
piration rose. Results derived from groups of 
experiments on two different occasions are given 
separately; no significant difference existed in 
values with glucose, but the variations between the 
two groups of experiments with glutamate as sub- 


Table 3. Acid hydrolysis of phosphate fractions from brain cortex 
(Experimental conditions as Table 1, using 1-4-1-8 g. of guinea pig brain-cortex slices. Hydrolysis with n-HCI at 100°.) 


Ca-10% ethanol ppt. 
Increased inorganic PO, 
(umoles/g.) after hydrolysis for 


Ca-80% ethanol ppt. 
Increased inorganic PO, 
(umoles/g.) after hydrolysis for 


( 


15 min. 30 min. 15 min. 30 min. 


Exp 7 min. 7 min. 
1 1-34 1-94 2-0 0-36 0-46 1-04 
2 1-92 _— 2-55 — — _— 
3 1-47 — 2-53 _ — — 


The equilibrium which exists between adenine 
polyphosphates and creatine phosphate in muscle 
probably exists also in the brain in vivo (Klein & 
Olsen, 1947). Its existence in homogenates of 
cerebral tissues has been demonstrated in these 
laboratories (Narayanaswami, 1952) and would be 


strate were real. The most likely point for such 
difference to arise was in the preparation or extrac- 
tion of the tissue. The effect of changing substrate is, 
however, far beyond any such difference. 

The values of Tables 4 and 5 were obtained after 
chemical separation of creatine and inorganic 
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phosphates. The inorganic phosphate was normally 
measured as the phosphate insoluble in calcium- 
10% ethanol by Fiske & Subbarow’s method, but 
the same values were obtained by that of Lowry & 
Lopez (Table 6). Determination of the phosphate 
of the calcium-80% ethanol precipitate, by the 
same methods, showed the separation to have been 
good. Moreover, added glutamic acid did not inter- 
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glutamic acid corresponding to 13, 20 and 45 pmoles, 
g. respectively were therefore added to the extracts, 
and the usual separations and determinations of 
inorganic and creatine phosphates were performed. 
The findings were independent of added glutamic 
acid. A similar experiment, not recorded in the 
tables, showed them to be independent also of added 
glutamine. 


Table 4. Glutamate and glutamine on phosphates 


(All experiments were aerobic in bicarbonate saline with Ca salts, at 37° for 75 min. Glutamate was the L( +) acid taken 
to pH 7-2 by NaOH; glutamines A and B refer to two specimens for one of which we are indebted to Mr D. E. Hughes 
of Sheffield University. Phosphates were determined after chemical separation.) 


Inorganic Creatine 

phosphate phosphate 

Exp. Substrate (umoles/g.) (umoles/g.) 
1 Glucose 3°27 1-35 
Glucose and glutamate (0-02m) 3-24 0-11 
Glucose and glutamate (0-004m) 3-15 0-36 
2 Glucose 4-17 1-36 
Glucose and glutamine A (0-02m) 4-07 0-40 
Glucose and glutamine B (0-02) 3-90 0-42 
3 None 5-17 0-33 
Glutamate (0-02M) only 5-31 0-06 
Glutamate (0-004M) only 5-16 0-07 


Table 5. Effects on phosphates of replacing glucose by glutamates 


(Experiments were aerobic and phosphates determined after chemical separation. The group of six experiments was 


carried out some 6 months later than the group of 11 or 12.) 





Respiration Inorganic phosphate Creatine phosphate 
(umoles/g./hr.) (umoles/g.) (»moles/g.) 

No. of rc ——__—_, -—— ‘ Sa" 
experiments Type of saline; substrate Mean S.D. Mean S.D. Mean S.D. 
12 Glycylglycine; glucose (0-013 Mm) 70-5 5-5 3-40 0-35 1-20 0-17 
6 Glycylglycine; glucose (0-013Mm) 68 6 3°38 0-31 1-12 0-11 
11 Glycylglycine; glutamate (0-02 m) 79 4-4 5-22 0-22 0-32 0-07 

6 Glycylglycine; glutamate (0-02) 78 7 6°35 0°35 0-16 0-035 


Table 6. Separation of phosphates in trichloroacetic acid extracts of cerebral cortex 


(In Exp. 1, cortex slices had first respired for 40 min. in glycylglycine-glucose saline. In Exp. 2, cortex from the cerebral 
hemispheres was used 2 min. after death of the animal, and creatine phosphate added to the trichloroacetic acid extract.) 


Exp. Material extracted 
1 Slices 
Slices 
2a Cortex 
Cortex +1 mg./ml. glutamic acid 
Cortex +3 mg./ml. glutamic acid 
2b Cortex 
Cortex + 1 mg./ml. glutamic acid 


Cortex +3 mg./ml. glutamic acid 

fere with the separation or determinations (Exp. 2, 
Table 6). The arrangement in this case was as 
follows. Stern et al. (1949) showed slices initially 
containing about 18 pmoles/g. of glutamic acid, to 
increase this amount to up to 44 wmoles/g. during 
respiration in the presence of the acid. Amounts of 


Ca-10% Ca-80% 
ethanol ppt. ethanol ppt. 


Substance determined 
(umoles/g.) (pmoles/g.) 


and method 


Phosphate; Lowry-Lopez 3-72 0 
Phosphate; Fiske-Subbarow 3-85 1-99 
Phosphate; Fiske-Subbarow 7-70 _ 
Phosphate: Fiske-Subbarow 7-94 — 
Phosphate: Fiske-Subbarow 7-84 — 
Creatine; Jaffe -- 1-23 
Creatine; Jaffe — 1-29 
1-19 


Creatine; Jaffe = 


Phosphates by differential stability. An earlier 
paper (MclIlwain et al. 1951) described the determi- 
nation of inorganic and creatine phosphates in brain 
extracts by the different specificities of Lowry & 
Lopez’s (1946) and Fiske & Subbarow’s methods. 
Of these, Lowry & Lopez’s determined only in- 
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organic phosphate, and Fiske & Subbarow’s 
determined inorganic and labile phosphates such as 
creatine phosphate. Table 6, Exp. 1, shows in an 
individual extract how this combination of deter- 
minations would operate. Table 7 gives values for 
labile and inorganic phosphates in the extracts, 
which show that the labile phosphate so determined 
corresponds to the creatine phosphate by calcium- 
ethanol fractionation when the method is applied to 
extracts from slices which had respired with glucose 
as substrate. However, this was not the case when 
the method was applied to slices which had respired 
in solutions containing glutamates. The values for 
labile phosphates were higher than those for phos- 
phocreatine after calcium separation. This is shown 
clearly in Table 7 which summarizes some forty 
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interfere with the calcium separation. It appears 


likely that a labile phosphate other than creatine | 


phosphate and the adenine phosphates accumulates 
in cerebral tissues respiring with glutamate. 


Calcium and potassium salts on phosphates 


The media normally employed in metabolic work 
with separated tissues contain calcium salts in con- 
centrations approximating to those of blood plasma. 
The respiration of certain tissues, including cerebral 
cortex, increases when this calcium is omitted 
(Dickens & Greville, 1935; Canzanelli et al. 1942; 
Krebs, 1950). In the present experiments the 
effects of calcium salts have been examined under 
the three conditions quoted in Table 8, and con- 
sistent effects found. In the glucose-containing 


Table 7. Phosphates by Ca separation and by differential stability 


(Metabolism was in O, at 37° in the salines listed (referred to in experimental section) for 75 min. In bicarbonate salines 
the values given are means of several experiments, the number of which is given in parenthesis.) 


Inorganic phosphate 
(umoles/g.) 
Au 


Labile phosphate 
(umoles/g.) 
A 





P 
Substrate; type of saline By Ca separation 


Glucose; glycylglycine 3-40, 3-38 
Glutamate; glycylglycine 5-22, 6-35 
Glucose; bicarbonate 3-47 (6) 
Glutamate; bicarbonate 5-3 (2) 


ie = 
By stability By Ca separation By stability 


3-43, 3-06 1-20, 1-12 1-32, 1-4 
6-7, 6-1 0-32, 0-16 0-78, 1-4 
3-69 (8) 1-42 (6) 1-42 (8) 
6-8 (9) 0-07 (2) 1-57 (9) 


Table 8. Calcium and potassium salts on respiration, glycolysis and phosphate of cerebral-cortex slices 


(Experiments were with guinea pig cerebral-cortex slices. 


Numbers | to 3 were in one or two flasks of about 100 ml., 


each containing approx. 15 ml. saline and about 300 mg. tissue. Number 4 was in flasks of about 60 ml., with 8 ml. saline 
and about 100 mg. of tissues. Flasks were placed in a thermostat at 37° about 30 min. after death of the animal, and the 
manometric readings on which respiration rates were based, taken at 5 min. intervals. Exps. 1-3 ran for 40 min. and the 
rates were constant during this period, after which each flask in turn was sampled. Exp. 4 continued for 120 min.) 


. Inorganic Creatine Lactic acid 
x a" Respiration phosphate phosphate (umoles/ 
Exp. ‘Type of saline; substrate (mm) (mM) (ymoles/g./hr.) (jmoles/g.) (umoles/g.) g./exp.) 

1 Glycylglycine; glucose 6-7 0 107-4 4-4 1-03 28 
Glycylglycine; glucose 6-7 2-85 66-4 _— 1-49 20 

2 Bicarbonate; glucose 6-2 0 —- 3-56 0-54 _ 
Bicarbonate; glucose 6-2 0-71 — 3-51 0-68 — 
Bicarbonate; glucose 6-2 2-85 — 3-24 1-22 — 

3 Glycylglycine; glutamate 6-7 0 86-6 7-28 <0-15 — 
Glycylglycine; glutamate 6-7 0-71 72-2 6°85 <0°15 = 
Glycylglycine; glutamate 6-7 2-85 62-0 5-60 <0-15 — 

4 Glycylglycine; glucose 6-7 2-85 68 4-] 0-93 46 
Glycylglycine; glucose 106-7 2-85 103 5-1 0-45 161 


experiments carried out at different times in the 
course of about 18 months in four different media. 
Both in bicarbonate- and in glycylglycine-glucose 
salines, the values for inorganic and creatine phos- 
phates show reasonable agreement when measured 
by the two methods. With glutamate as substrate, 
all values tended to be higher when determined by 
differential stability; they were also less regular. 
As explained above, glutamate or glutamine do not 


media, omission of Catt or lowering of Ca** 
concentration led to lower creatine phosphate and 
possibly to higher inorganic phosphate concentra- 
tions. In the glutamate medium, the creatine 


phosphate was already so low that a further change 
was not detected, but the increase in inorganic 
phosphate was clear. 

When the concentration of potassium salts in 
balanced salt mixtures is increased, respiration and 
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glycolysis increase (Ashford & Dixon, 1935; Dickens 
& Greville, 1935; Canzanelli e¢ al. 1942. Here again 
(Table 8) these actions are seen to be associated with 
lowered creatine phosphate. 


DISCUSSION 


In the present study, substances have been en- 
countered which bring about the following group of 
changes in brain-cortex slices: decreased content of 
creatine phosphate, increased inorganic phosphate, 
increased respiration and increased glycolysis. This 
group of changes has long been recognized to follow 
increased activity in muscle, and more recently 
similar phenomena have been shown in the brain 
in vivo. The technique used in the present series of 
studies with sections of tissue in vitro has, however, 
enabled an interesting variety of agents to be 
studied under uniform conditions. The agents now 
observed to cause these changes have been high 
K* concentration, low Ca**t concentration, glu- 
tamates and glutamine. Previously (McIlwain & 
Gore, 1951) 2:4-dinitrophenol and electrical stimula- 
tion were shown to cause similar changes. 

This group of changes is a specific one which 
differs from those caused for example by narcotics 
under the same conditions (Buchel & MclIlwain, 
1950); many other substances including some 
convulsants and anticonvulsants (Anguiano & 
MclIlwain, 1951, and unpublished) have been found 
to be relatively inert, or again, to behave differently. 
In attempting to understand the control of carbo- 
hydrate metabolism in nervous tissues, it is there- 
fore important to seek a basis for the group of 
changes caused by potassium and calcium salts, 
glutamate, glutamine, dinitrophenol and electrical 
stimulation. The following suggestions are made in 
this connexion: 

(1) Increased glucose usage might be the first 
common factor in the action of these substances, its 
phosphorylation being at the expense of the energy- 
rich phosphates, and the increase in inorganic 
phosphate coming from further metabolism of the 
intermediary hexose phosphates. Normally, how- 
ever, increased glucose catabolism leads to esterifi- 
cation of inorganic phosphate and not to its forma- 
tion. 

(2) Activation or inhibition of tissue phosphatases, 
phosphokinases or comparable systems might be the 
primary effect. Thus calcium and potassium salts 
have opposing effects on adenosinetriphosphatase 
of brain (Gore, 1951). Evidence against this view in 
the case of 2:4-dinitrophenol was given by Case & 
McIlwain (1951). It has been investigated in the 
case of K* by Lipsett & Crescitelli (1950). 

(3) Processes best described in terms of the 
functional activity of the tissue, might be primarily 
involved. This appears the most suitable explana- 
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tion in the case of electrical stimulation (McIlwain 
& Gore, 1951; McIlwain, 1951a). Here the chemical 
events in vitro closely parallel those following 
stimulation in vivo, when clear evidence is seen of 
increased activity in the central nervous system. 
The increased respiration and glycolysis then 
appeared to follow from increased concentrations 
of inorganic phosphate and phosphate acceptors 
resulting from utilization of energy-rich phosphates. 
At this point, the mode of action of the dinitro- 
phenol and of electrical stimulation became similar 
(McIlwain & Gore, 1951). With respect to Ca** and 
K* salts, glutamate and glutamine, it is significant 
that these are all normal constituents of nervous 
tissues or their environment. Although it is not 
necessary that a common mechanism should exist 
for the effects of all these agents, the following 
reasons can be seen for their action paralleling that 
of electrical stimulation. 

Potassium and calcium salts. The increased 
respiration and glycolysis which potassium salts 
induce are relatively specific to nervous tissues, and 
are not caused in testis, kidney, yolk sac and tumour 
tissues (Dickens & Greville, 1935), nor in chick 
embryo (Needham, Nowinski, Dixon & Cook, 1937). 
Movement of potassium salts is associated with the 
passage of nerve impulses, and one suggestion of 
how chemically derived energy might be applied in 
supporting the activity of the tissue is that it may 
perform osmotic work in maintaining the differential 
ion concentrations normal to the tissue. The K* 
concentration in the tissue is normally about 0-09m 
(see, for example, Hoagland & Stone, 1948) and in 
surrounding fluids about 0-005m. The external con- 
centration of K* which affected phosphates, gly- 
colysis and respiration was 0-03—0-1m. Increased 
intake of K* and also of water probably occur in 
nervous tissues in solutions high in K* (Fenn, 1940). 
If the activities of the tissues were directed to 
maintaining a ratio of 20: 1 in K* between inside and 
outside its cells, the added K* would greatly increase 
the expenditure of energy necessary for such main- 
tenance. This is undoubtedly an over-simplification 
of events, which also involve Na* and Ca**. It gives 
an immediate analogy between the effects of high 
K* concentration and of electrical stimulation. 
It is deliberately presented as a contrast to 
the suggestions of Lipsett & Crescitelli (1950) 
without at present discussing the merits of the 
two views. 

Antagonism between the effects of calcium and 
potassium salts is an extremely common physio- 
logical phenomenon (see Heilbrunn, 1947) and it is 
therefore not surprising that in the present experi- 
ments the effects of diminishing Ca** concentration 
should be similar to those of increasing K™ concen- 
tration. In particular the antagonism has been 
shown to hold with respect to metabolic character- 
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istics of mammalian brain (Dickens & Greville, 
1935; Canzanelli et al. 1942) and to the electrical 
behaviour of separated portions of frog brain (Libet 
& Gerard, 1939). Considering specific ways in which 
lack of Ca** may lead to increased utilization of 
energy-rich compounds, lack of Ca** has been 
observed to lead to spontaneous discharge in 
nervous tissues (see Fenn, 1940; Monnier & Chevalier, 
1942). The extent to which this can manifest itself 
in the present preparations is not known, but 
electrical activity occurs in isolated fragments of 
certain parts of the frog brain (Libet & Gerard, 
1939). Further, calcium salts are observed to aid 
the ‘sealing’ of damaged cells, including those of 
nervous tissues (Heilbrunn, 1947). Damage to cells 
is inevitable in the present preparations, and by 
minimizing its effects calcium salts may reduce the 
amount of osmotic work which the cells are required 
to perform, and thus reduce also their respiration 
and glycolysis. 

Glutamic acid. This is assimilated by brain slices 
against a concentration gradient (Stern et al. 1949) 
and presumably with the expenditure of energy, so 
that the increased respiration brought about by its 
addition might depend on its active assimilation. 
The acid was also found to have additional specific 
effects on the phosphates, which require further 
study, and which resulted in higher concentrations 
of inorganic phosphates than those found to follow 
any of the other agents listed above. It is possible 
that the labile phosphate accumulating under these 
conditions may be the y-glutamyl phosphate 
suggested but not demonstrated by Elliott (1951) 
as an intermediate in glutamine synthesis in brain. 
Higher K* concentration is also found in the slices 
(Krebs & Eggleston, 1949; Krebs, Eggleston & 
Terner, 1951). Supplying the tissue with glutamic 
acid may therefore provide it with the means of 
carrying out more osmotic work and chemical 
synthesis. There is evidence that, anaerobically, 
glutamic acid limits glycolysis by depleting the 
tissue of adenine polyphosphates, for the glycolysis, 
so limited, is restored by added adenosinetriphos- 
phate (Stern e¢ al. 1949). When such depletion 
occurs aerobically, as in the present experiments, it 
can be understood on grounds referred to above, that 
glycolysis and respiration should be stimulated. 
This was observed by Weil-Malherbe (1938) and 
occurred during the present experiments. 
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These observations lead one to expect that the 
substances studied here would change the response 
of cerebral tissues to electrical stimulation. This 
has been found to be the case with glutamic acid 
(McIlwain, 19516) and ionic constituents (Gore & 
MclIlwain, 1952). 


SUMMARY 


1. The content of certain phosphates has been 
investigated in slices of cerebral cortex which were 
metabolizing in balanced salines containing sodium, 
potassium, magnesium and calcium salts with 
chlorides, sulphates, phosphates and sometimes 
bicarbonates and glycylglycine. 

2. When oxygen and glucose were added to the 
salines, such slices were found to contain creatine 
phosphate and adenine polyphosphates and their 
inorganic phosphate was about 3-5 wmoles/g. fresh 
weight. In the absence of glucose or oxygen, the 
creatine phosphate fell and the inorganic phosphate 
rose. 

3. The further addition of glutamic acid salts 
or of glutamine caused the phosphocreatine of 
the slices to fall, whether or not glucose was also 
present. 

4. When glutamic acid salts replaced glucose as 
the added substrate, the inorganic phosphate of the 
slices became greater, and their phosphocreatine 
much less. A labile phosphate other than phospho- 
creatine and the adenine phosphates was found in 
the slices. 

5. Lowering the concentration of calcium ion in 
the salines or increasing that of potassium ion, led to 
lowered phosphocreatine in the slices and sometimes 
to increased inorganic phosphates. 

6. The various changes in salines described 
above, were associated with changes also in respira- 
tion and glycolysis in the slices. Reasons are given 
for considering these changes in many cases to be 
secondary to the changes in phosphates, and to 
represent a pattern of changes similar to that seen 
in the intact central nervous system in different 
states of activity. 


I am greatly indebted to Mr J. Cheshire for assistance 
during some of these experiments, and to Dr G. Anguiano 
and Dr M. B. R. Gore for permission to quote certain of the 
results concerning glutamate and potassium salts. 
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Different levels of activity in the central nervous 
system are associated with different contents of 
energy-rich phosphates and of inorganic phosphate 
in cerebral tissue (for references and a discussion see 
Mcliwain, 1950). For this reason it was decided to 
study enzyme systems in cerebral tissue which 
bring about changes in these substances. Some 
properties of the adenosinetriphosphatases of brain 
have already been investigated in these laboratories 
(Gore, 1951). The present study deals with the 
systems which lead to the transfer of phosphate 
from phosphocreatine to adenylic acid or adenosine- 
diphosphate. Lohmann (1934) showed that cold 
water extracts of minced muscle contain an enzyme 
which brings about the degradation of phospho- 
creatine. The phosphate group of phosphocreatine 
was transferred to adenylic acid resulting in the 
formation of ‘adenylpyrophosphate’ (adenosine- 
triphosphate). Lehmann (1935, 1936) found that 
this reaction was made up of two reversible bi- 
molecular reactions namely, 


Adenosinetriphosphate + creatine 
(ATP) 
= adenosinediphosphate + phosphocreatine, 


(ADP) 


Adenosinediphosphate + creatine 
= adenosinemonophosphate + phosphocreatine. 


Banga (1943) considered that two distinct en- 


zymes were present in muscle, one catalysing the 
reaction between ATP and creatine and the other 


* British Council Scholar. 


catalysing the reaction between ADP and creatine. 
She obtained the first enzyme in a highly purified 
state. 

The importance of the creatine phosphokinase 
system in maintaining the level of ATP in muscle 
has been recognized for some time, but its occurrence 
in brain does not seem to have been investigated. 
The present paper reports the presence of this 
enzyme system in brain and describes some of its 
properties. Effects on this enzyme system of a few 
substances structurally related to its substrates, 
and of some drugs which act on the central nervous 
system, have also been studied. 


EXPERIMENTAL 


Preparation of sodium phosphocreatine. This was carried 
out according to the method of Ennor & Stocken (1948). 
The product contained 8-05 % phosphocreatine P and was 
practically free from inorganic phosphate. 

Adenosinediphosphate. This was prepared as the Ba salt 
from commercial ATP by heating in the presence of MgCl, 
as described by Bielschowsky (1950). The adenylic acid used 
was a commercial preparation obtained from L. Light and 
Co. Ltd. 

Determination of phosphokinase activity. The reaction 
mixture usually contained 1 ml. 0-015-0-016m-sodium 
phosphocreatine, 1 ml. 0-018M-adenylic acid adjusted to 
pH7 with NaOH, 2-5 ml. of 0-1m-glycylglycine buffer at 
pH 7, and 0-5 ml. enzyme preparation containing 0-01 M- 
MgSO,. The solutions were mixed in that order and were 
kept cool in ice. This gave phosphocreatine at 3-0—-3-2 mm, 
similar to its concentration in normal brain, and adenylic 
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acid about 10% in excess of that required for interaction 
with the phosphocreatine. The mixture was then incubated 
in a thermostatically controlled water bath at 37°,and 2 ml. 
samples were pipetted out at suitable intervals (usually 
20 min. and 1 hr.) into 2 ml. 10% (w/v) trichloroacetic acid 
at 0°. The reaction mixture was kept cool in ice during 
intervals of pipetting. Blanks were run with each series of 
experiments, omitting the enzyme preparation. 
Determination of phosphocreatine. This was done according 
to the method of Stone (1943) with slight modifications. The 
reaction mixture after addition to trichloroacetic acid was 
allowed to stand for 15 min., centrifuged while being kept 
surrounded with ice and a 3 ml. sample of the supernatant 
removed for analysis. To this was added a drop of 0-1% 
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Extracts. In later experiments it was found advantageous 
to use the supernatant obtained on centrifuging the homo- 
genate. In these experiments the homogenate was prepared 
using 2 ml. 0-9% NaCl/g. brain tissue, the homogenate was 
allowed to stand at 0° for 5 min. and then centrifuged in the 
cold. After pouring off the supernatant, the residue was 
suspended in the same volume of 0-9% NaCl as before and 
again homogenized. The centrifuging was repeated and the 
residue was homogenized a third time, using the same 
volume of 0-9 % NaCl. The supernatants were combined and 
diluted to give an extract equivalent to 100 mg. of brain 
tissue/ml. This extract contained 42-4 % of the N originally 
present in the tissue. All extracts mentioned in the tables 
were made in this way unless otherwise stated. 


Table 1. Splitting of phosphocreatine by brain homogenates 


(Total vol. 7 ml.; 0-033M-glycylglycine at pH 7.) 





Inorganic phosphate Phosphocreatine 
Final dilution (yg. P/ml. reaction mixture) (ug. P/ml. reaction mixture) 
of homogenate - oo 1, = a > 
Substrates added (mg. tissue/ml.) Omin. 20min. 1 hr. Omin. 20min. 1 hr. 
None 28-6 13-3 14-7 21-3 0-7 0 0 
Phosphocreatine 0 21-3 20-7 22-7 89-3 91-7 91-3 
Phosphocreatine 28-6 45-0 90-0 96-0 89-3 46-0 34:3 
None 9-5 1-0 0-33 1-33 0 0 0 
Phosphocreatine 9-5 38-0 31-0 33-7 84-7 89-3 91-7 
{ 9-5 27:3 58-3 83-7 90-3 22:3 0 
Phosphocreatine + adenylic acid 2-4 13-7 24-7 41-0 98-3 83-3 41:3 
(1-2 12-7 15-3 25-0 98-3 90-0 70-0 
henolphthalein and just enough finely ground Ca(OH), to 
phenolp j 8 yg (OH). RESULTS 


turn it a pale pink. The Ca(OH), was rubbed in the tube with 
a glass rod, so that no undissolved particles remained, and 
the glass rod was washed down with a few drops of water. 
Ethanol which had been adjusted to a faintly alkaline 
reaction with NaOH was then added to a concentration of 
10% (v/v), the solution was well mixed by swirling between 
the palms and allowed to stand in ice for 15 min. After 
centrifuging and decanting the supernatant, the precipitate 
was washed with 1 ml. of a solution of 5% calcium tri- 
chloroacetate in 10% (v/v) ethanol, prepared by carrying 
out a blank precipitation. The washings were added to the 
centrifugate, the volume made up to 10 ml. after addition 
of a drop of 5N-HCl and the phosphocreatine in a 2 ml. 
portion was determined by the method of Fiske & Subbarow 
as described by Hawk, Oser & Summerson (1947). The final 
volume for colour development was 10 ml. and an interval of 
40 min. was allowed after addition of the reagents. The 
readings were taken in a Spekker absorptiometer. 


Preparation of brain homogenates and extracts 


Guinea pig brain was used in most of the experiments, 
though rat brain was found to be equally active; mention is 
made of the fact when rat brain has been used in any 
particular experiment. The guinea pig or rat was stunned by 
a blow on the neck, decapitated and the brain rapidly 
removed. 

Homogenates. The brain was weighed quickly and trans- 
ferred to a glass test-tube homogenizer containing a known 
volume of 0-9% NaCl. It was then homogenized and after 
this stage the brain preparation was kept throughout at 0° 
and dilutions were carried out with ice-cold 0-9% NaCl. 


Occurrence of creatine phosphokinase in brain. 
Brain homogenates at a final dilution of 1 g. tissue/ 
35 ml. were found to split phosphocreatine, but this 
reaction stopped when the dilution of the homo- 
genate was increased to 1 g./105 ml. (Table 1). 
However, at the latter dilution, the addition of 
adenosine-5-phosphoric acid brought about the 
splitting of phosphocreatine at an even faster rate 
than with higher concentrations of homogenate in 
the absence of adenylic acid. Thus the splitting of 
phosphocreatine takes place largely according to the 
reaction of Lohmann (1934) and not by a simple 
phosphatase type of enzyme. 

Solubility of brain phosphokinase and its distribu- 
tion in the homogenate. Table 2 shows that the phos- 
phokinase activity of brain could be practically 
completely extracted by either 0-9% sodium 
chloride or water. All the activity did not pass into 
solution on a single extraction with either sodium 
chloride solution or water, but after the second 
extraction there was only a negligible amount of 
activity remaining in the solid residue. The homo- 
genate was allowed to stand in the cold for 5 min. 
after each extraction and vigorously shaken for 
1 min. before centrifuging. The values for inorganic 
phosphate suggested that there was a comparatively 
greater ATPase activity in the residue, especially 
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Table 2. Solubility of the enzyme in 0-9 % sodium chloride and in water 


(A: brain homogenized with 4 parts 0-9% NaCl, centrifuged and residue stirred up (in homogenizer) with 4 parts of the 
saline and centrifuged, stirred up again with 4 parts saline as before and centrifuged, the three extracts and the final 
residue tested for activity separately at final dilutions corresponding to 5-7 mg. tissue/ml. B: extraction carried out with 
glass-distilled water in place of 0-9% NaCl; same procedure as A, final dilution corresponding to 4-8 mg. tissue/ml., 


3 mu-MgSQ,.) 








Inorganic phosphate Phosphocreatine 
(ug. P/ml.) (ug. P/ml.) 
c \ c oi Y 
0 min. 1 hr. Increase 0 min. 1 hr. Decrease 
A. Saline extraction 
First extract 15-3 38-0 22-7 94-3 0 94-3 
Second extract 18-7 27:3 8-6 92-3 74-0 18-3 
Third extract 13-7 19-0 5-3 98-3 93-7 4-6 
Residue 16-0 31-7 15-7 97-9 84-7 13-0 
B. Water extraction 
First extract 24-0 61-3 37-3 88-7 0 88-7 
Second extract 15-3 36-3 21-0 91-7 19-7 72-0 
Third extract 14:3 21-0 6-7 95-7 93-7 2-0 
Residue 20-7 24-7 4-0 96-0 92-0 4-0 


when extraction is carried out with 0-9% sodium 
chloride. More of the phosphokinase activity is 
extracted by sodium chloride solution in the first 
extraction than by distilled water. 


Table 3. Activating effect of magnesium ions 


(Dialysed (2hr.) extract at dilution of 2 mg./ml.; 
90-5 wg. phosphocreatine P/ml.) 


Concentration of 


MgSO, in reaction Phosphocreatine Phosphocreatine 

mixture split in 20 min. split in 1 hr. 
(mm) (ug. P/ml.) (ug. P/ml.) 

0 0-6 18-1 

0-5 50-0 85-2 

1 58-1 90-5 

2 57-2 90-5 

5 37-1 90-5 


Activating effect of magnesium ions. Dialysis 
against 0-9 % sodium chloride for 6 hr. completely 
abolished the phosphokinase activity of a brain 
extract. The activity was reduced to 86% after 
2hr. dialysis and to 34% after 4 hr. dialysis. The 


tests were carried out at a final dilution of 5 mg./ml. 
(calculated on the weight of brain tissue from which 
the extract was prepared). The activity of the dia- 
lysed extract was not restored by the addition of 
boiled extract to a final dilution of 10 mg./ml., but 
such an addition to the undialysed extract en- 
hanced its activity considerably. The activating 
effect of boiled extracts was due to its content of 
magnesium ions. At dilutions as low as 2 mg./ml. 
the activity even of undialysed extracts was found 
to be considerably enhanced by the addition of 
magnesium ions. The optimal concentration of 
magnesium ions added as magnesium sulphate was 
found to be 1-2 mm (Table 3). The rate of reaction 
was perceptibly slower at higher concentrations of 
magnesium sulphate, as for instance 5mm. Both 
calcium ions (as calcium chloride) and manganese 
ions (as manganous sulphate) restored the activity 
of dialysed extracts, but were not nearly as effective 
as magnesium ions (Table 4). Potassium ions 
added as potassium chloride were without any 
activating effect on the enzyme. 


Table 4. Activating effect of calcium, manganese and potassium ions 


(Dialysed (2 hr.) extracts at final dilution of 2 mg./ml.) 


Concentration 
of activator 

Activator added (mm) 
None — 
Magnesium sulphate 1 
Potassium chloride 10 
Potassium chloride 1 
Calcium chloride 5 
Calcium chloride 2 
Calcium chloride 1 
Manganous sulphate 1 
Manganous sulphate 0-2 


Phosphocreatine 





(ug. P/ml.) 
€ P \ 
Present Split in Split in 
initially 20 min. 1 hr. 
101-7 0-8 20-3 
101-7 74-7 100-0 
101-7 4-6 24-4 
101-7 0 19-7 
90-5 15-7 90-5 
90-5 25-5 84-5 
90°5 21-1 — 
97-0 36-7 93-9 
97-0 37-9 77-5 
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pH optimum of the forward reaction. The change: 
phosphocreatine +adenylic acid > creatine +ADP 
was optimally catalysed at a pH of 7, although 
decreasing the pH to 5-9 altered the reaction rate 
very little (Table 5). The rate of reaction decreased 
more steeply with increasing pH and was practically 
abolished at pH 8-9. Below pH 5-9 the splitting of 
phosphocreatine that took place was not dependent 
on the enzyme at all, the rate of splitting being 
almost the same in the absence of the enzyme. 
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Synthesis of phosphocreatine by brain phosphokinase 


The creatine phosphokinase of muscle is known to 
catalyse the synthesis of phosphocreatine from 
creatine and ATP (Lehmann, 1935; Banga, 1943). 
With preparations from brain it was found that a 
much higher concentration of the enzyme (20 mg. 
tissue/ml.) was required for synthetic activity than 
for the splitting of phosphocreatine (2 mg. tissue/ 
ml.). It is probable that the presence of ATPase 


Table 5. pH Optimum of brain phosphokinase 


(Dilution of extract, 2 mg./ml.; 5 mm-MgSO, ; 92g. phosphocreatine P/ml. originally present.) 
g g5U, Hg. phosp g P 


pH Buffer 

4-1 0-1M-acetate, acetic acid 

5-0 0-1M-acetate, acetic acid 

5-9 0-1M-acetate, acetic acid 

7-0 0-1m-glycylglycine 

8-2 0-1 m-glycine-sodium hydroxide 
8-9 0-1m-glycine-sodium hydroxide 


Adenosinediphosphate as phosphate acceptor. When 
ADP was used as the phosphate acceptor in place of 
adenylic acid, the reaction was not so fast as with 
adenylic acid and was still incomplete at the end of 
l hr. (Table 6). The pH optimum was, however, 
within the same range. The evidence for the func- 
tioning of ADP as an alternative phosphate 
acceptor is, however, incomplete, since the possi- 
bility remains that an enzyme similar to myo- 
kinase might produce adenylic acid from the 
added ADP. 


Table 6. Enzyme activity with ADP 
as phosphate acceptor 
(Buffers as in Table 5; 5mm-MgSO,; 2-83 mm-ADP; 


dilution of extract 2mg./ml.; 82-7ug. phosphocreatine 
P/ml.) 





Phosphocreatine 
Phosphocreatine split split in absence 
(ug. P/ml.) of enzyme 
ey, ae 
pH 20 min. 1 hr. 1 hr. 
4-1 38-7 62-7 65-1 
5-0 17-7 43-4 28:3 
5-9 40-4 51-4 6-1 
7-0 47-0 56-4 0 
8-2 22-7 38-7 0-6 
8-9 6-0 12-4 0-3 


Stability of the enzyme. The activity of the enzyme 
did not decrease markedly on storage in the cold for 
periods of up to 8 days. The enzyme stored for 
8 days split added phosphocreatine completely in 
1 hr. at the usual concentration, though in the first 
20 min. it split only 64% of the phosphocreatine as 
compared to 85 % by the fresh preparation. 





Phosphocreatine 
Phosphocreatine split split in absence 
(ug. P/ml.) of enzyme 
(ug. P/ml.) 
20 min. 1 hr. 1 hr. 
45 75 73-2 
14 36-3 31-9 
55 89-3 6-9 
60 89-3 0 
14-7 51:3 0-7 
6-3 6-0 0-3 


in the brain extract limits the speed and extent of 
phosphocreatine synthesis, and this might explain 
the lesser synthetic activity at higher concentrations 
of brain extract. The pH range favouring this re- 
action (Table 7) in the presence of enzyme prepara- 
tions from brain, seems to be the same as for muscle 
phosphokinase (Banga, 1943). The reaction pro- 
ceeds at a measurable rate only above pH 8-2. An 
equilibrium is reached in about 40 min. and there- 
after no increase in phosphocreatine can be de- 
tected. The reaction appears to be slower than with 
comparable concentrations of an extract from 
muscle. 


Table 7. Effect of pH and enzyme concentration 
on synthesis of phosphocreatine 


(28 mm-ATP; 5-5 mm-creatine; 5 mm-MgSO,; 0-1m- 
glycine-sodium hydroxide buffer.) 


Phosphocreatine formed 


Dilution of (ug. P/ml.) 
enzyme extract 
pH (mg. tissue/ml.) 20 min. 1 hr. 
7-0 20 0 0 
8-2 20 3-3 0 
8-9 20 18-7 14-7 
8-9 40 11-7 5-0 
8-9 10 8-3 10-3 


The effect of structural analogues, drugs of 
central action and some inhibitory agents 


Various drugs known to act on the central 
nervous system were tested for their effect on the 
phosphokinase activity of brain extract (Table 8). 
These included the convulsants caffeine, leptazol, 
picrotoxin and strychnine, the anticonvulsants 
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Table 8. Effect of various substances on enzyme activity 
(Enzyme extract at dilution of 2 mg./ml.; 1-0 mm-MgSO,.) 
Inhibition 
Phosphocreatine split based on 

Concentration (ug. P/ml.) 20 min. 

of inhibitor —_—_——"!U4"——- values 
Exp. Inhibitor added (mM) 20 min. 1 hr. (%) 
A None _- 55:3 61-0 — 
Caffeine 10 56-6 61-0 Nil 
Leptazol 10 56-9 61-0 Nil 
Phenobarbitone 10 53-8 61-0 Nil 
Dial (5:5-diallylbarbituric acid) 10 57-8 61-0 Nil 
B None — 33-3 82-3 “= 
Adenine 2 39-1 82-3 Nil 
Adenosine 10 36-0 82-3 Nil 
Picrotoxin 2 35-7 82-3 Nil 
Mesantoin (3-methyl-5:5-phenylethylhydantoin) 2 30-3 82-3 Nil 
Morphine 1 39-9 82-3 Nil 
Atropine 1 40-8 82-3 Nil 
C None - 53-1 81-7 =: 
Strychnine 1 52-5 81-7 Nil 
Barbitone 10 49-3 81-7 Nil 
Tridione (3:5:5-trimethyl-2 :4-oxazolidinedione) 10 50-6 81-7 Nil 
Iodoacetate ] 0 0 100 
Iodoacetate 0-5 -- 3-4 _ 
Iodoacetate 0-2 24-2 43-4 57 
D None oo 52-4 73-5 —- 

Sodium fluoride 50 54-6 53-1 Nil* 
Sodium fluoride 10 37-7 60-0 28 
Sodium fluoride 1 42-7 73-5 18 
2:4-Dinitrophenol 1 43-3 68-5 17 
1 51-8 71-5 Nil 


( +)-Tubocurarine 


* Fluoride at this concentration was found to interfere with the estimation of phosphocreatine. 


phenobarbitone, tridione (3:5:5-trimethyl-2:4-oxa- 
zolidinedione) and mesantoin (3-methyl-5:5-phenyl- 
ethylhydantoin), and the nareotics barbitone, dial 
(5:5-diallylbarbituric acid) and morphine. None of 


Table 9. Effect of various substances on 
phosphocreatine synthesis 


(Dilution of extract, 20 mg./ml.; 0-1M-carbonate-bi- 
carbonate buffer at pH 8-77; 5-6 mmM-creatine; 3-2 mm- 
ATP.) 





Phosphocreatine 
formed 
(ug. P/ml.) 
Concentration ——~—__, 

Added substance (mm) 20min. 40min. 
None — 10-3 13-1 
2:4-Dinitrophenol 0-1 10-0 13-4 
Dial (5:5-diallyl- 10 6-7 13-0 

barbituric acid) 

Phenobarbitone 10 6:3 11-9 
Leptazol 10 8-3 10-8 
Caffeine 10 6-9 9-9 
Tridione (3:5:5- 10 10-1 11-7 


trimethyl-2:4- 
lidinedione) 


these drugs, even when present at the high con- 
centrations indicated, had any significant effect on 
the splitting of phosphocreatine by brain extracts. 
A few of these drugs were also studied for their 


effect on the reverse reaction of phosphocreatine 
synthesis, since this takes place at a different pH. 
and some of these substances might be expected to 
behave differently with an altered state of ionic 
equilibrium (Table 9). However, no marked 
reduction of synthetic activity could be detected 
with any of the substances examined. 

Adenine and adenosine, which are structurally 
related to the substrates, were also found to be 
without any effect on enzyme activity. Of the 
miscellaneous substances tested, namely fluoride, 
iodoacetate, atropine, 2:4-dinitrophenol and (+)- 
tubocurarine, only iodoacetate inhibited enzyme 
activity significantly, 100% at 1mm and 57% at 
0-2mmM, while the inhibition caused by fluoride 
(28% at 10 mm) was not as high as the activating 
effect of magnesium ions might lead one to expect. 


Manometric measurement of phosphokinase activity 


In an attempt to follow the time course of the phospho- 
kinase reaction in greater detail than was practicable by the 
technique of colorimetric estimation of phosphocreatine 
remaining after varying periods of incubation, several ex- 
periments were carried out to test the feasibility of a 
manometric method of following this reaction. The reaction 
mixture in the main compartment of the manometric vessel 
contained, in a volume of 2-5 ml., 4-10 umoles sodium phos- 
phocreatine, 4-5-12 umolesadenylicacid, and NaHCO,togive 
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a final concentration of 5-89mm. The enzyme preparation 
with 0-03 M-MgSO, in 0-5 ml., was in the side arm. The gas 
phase was N, containing 5 % (v/v) CO,. The enzyme solution 
was tipped into the main compartment when the manometer 
readings were steady, and readings were taken at 5 min. 
intervals. At the end of 1 hr. the phosphocreatine remaining 
in the solution was estimated by the usual method. It was 
found that the reaction proceeded to completion only with 
relatively high concentrations of enzyme (10 mg. tissue/ml.); 
at these concentrations the ratio zmoles CO, absorbed to 
umoles phosphocreatine split approximated to unity, as 
would be expected if the creatine liberated by the reaction 
absorbed 1 equivalent of CO,. However, at lower concen- 
trations of enzyme, the reaction did not proceed to comple- 
tion and the ratio of CO, absorbed to phosphocreatine split 
decreased to nearly 0-5. Reactions other than that of the 
phosphokinase were found to be taking place with the higher 
tissue concentrations, as inorganic phosphate was formed. 
The method was not examined further. 


DISCUSSION 


It is evident from this study that phosphocreatine is 
not degraded in brain by a simple hydrolytic re- 
action, but that the energy-rich phosphate bond is 
transferred to a phosphate acceptor, adenylic acid 
or ADP, so that the stored energy in phospho- 
creatine largely remains available. In muscle, 
phosphocreatine acts as a reservoir of energy-rich 
phosphate bonds. The enzyme system described 
here might prove to be responsible for the first step 
in the utilization of phosphocreatine for the 
functional activity of the central nervous system. 
Under optimum conditions of pH and concentra- 
tion of magnesium ions the extract from 2 mg. brain 
can bring about the splitting of 2-5ymoles of 
phosphocreatine in 20min. This corresponds to 
3750 pmoles/g./hr. Dawson & Richter (1950) found 
that electrical stimulation in vivo produced a 50% 
fall in the phosphocreatine content of the brain of 
rats in 1 sec. At the optimal rate we have found 
that brain phosphokinase could split 1-04 moles of 
phosphocreatine/g. tissue/sec. As rat brain contains 
3-16 pmoles/g., this is of the order reported by 
Dawson & Richter. We have also observed a slowing 
of the reaction after the first 20 min. and it is possible 
that the rate of phosphocreatine splitting might be 
even greater during the first few seconds. Using the 
values given by Klein & Olsen (1947) for the glucose 
and lactic acid content of the brains of cats in their 
normal condition and after a 10sec. convulsive 
period, McIlwain, Anguiano & Cheshire (1951) have 
estimated possible maximal rates for the metabolic 
utilization of glucose by brain. They arrived at a 
figure of —370umoles glucose/g./hr. The rate at 
which the phosphokinase of brain releases high- 
energy phosphate is thus much greater than is 
necessary to ensure the phosphorylation and utiliza- 
tion of glucose at the above rate. It is possible that in 
the intact cell the activity of the phosphokinase is 
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modified by histological and other factors, for 
instance the concentration of phosphate acceptors. 
This is an aspect of the enzyme system not dealt 
with in the present work and deferred for further 
study. 

It is of interest to compare phosphokinase 
activity with the activities of other enzyme systems 
present in brain and concerned with the degradation 
or transfer of energy-rich phosphate groups. Gore 
(1951) has shown that under optimum conditions the 
ATPase activity of guinea pig brain is as high as 
10-2—13-6 umoles P/mg./hr. This is on the basis of 
dry weight of tissue and is equivalent to 1600- 
2176 pmoles P/g./hr. for wet tissue, and thus is of the 
same order of activity as observed for phospho- 
kinase. The values reported for hexokinase activity, 
on the other hand, are very much lower. Meyerhof 
& Wilson (1948) found that on incubation with a 
1:5-5 brain extract, the decrease in glucose was 
1-2 umoles/12 min. This leads to a value of 66 »moles 
P transferred/g./hr. Thus phosphokinase in brain 
could form ATP at a considerably faster rate than 
would be required for the full activity of hexokinase. 

Convulsants and anticonvulsants are known to 
lead to changes in energy-rich phosphates of the 
brain in vivo (Stone, Webster & Gurdjian, 1945; 
Klein & Olsen, 1947). There are good reasons for 
thinking that these changes are secondary to 
changed functional activities in the central nervous 
system, but they could be achieved by a purely 
biochemical mechanism, such as a direct accelera- 
tion or inhibition of the phosphokinase system. No 
indication of such an effect was, however, found. 

It is evident also that 2:4-dinitrophenol, which 
can markedly affect the phosphates in cerebral 
tissue (McIlwain & Gore, 1951), does not act on the 
creatine phosphokinase system. The relatively 
slight inhibition caused by fluoride ions at a con- 
centration at which they might be expected to 
remove a large part of the magnesium ions from the 
system is interesting and can probably be explained 
by the strong affinity of the enzyme for binding 
magnesium ions. Iodoacetate, the most effective 
inhibitor found, inhibits respiration of brain slices 
at comparable concentrations when glucose is the 
substrate (Krebs, 1931) and it inhibits also a number 
of enzymes whose activity depends on thiol groups. 


SUMMARY 


1. Homogenates of mammalian brain have been 
found to split phosphocreatine in the presence of 
adenylic acid. The phosphokinase activity of brain 
homogenates can be recovered in the supernatant on 
centrifuging them. 

2. Magnesium ions at 1-2 mM are necessary for 
full activity of the dialysed enzyme preparations; 
manganese and calcium ions are also effective as 
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activators though less so than magnesium. Potas- 
sium ions are inactive in this respect. 

3. The pH optimum of the enzyme for the for- 
ward reaction, i.e. the splitting of phosphocreatine 
in the presence of adenylic acid lies in the range of 
5-9-7; phosphocreatine is split optimally at the 
same pH range when adenosinediphosphate is used 
as the phosphate acceptor. 

4, Preparations from brain also catalyse the 
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synthesis of phosphocreatine from creatine and 
adenosinetriphosphate above pH 8-2. 

5. None of the drugs of central action which were 
examined had any significant effect on the activity 
of the enzyme. Iodoacetate inhibited it completely 
above a concentration of 0-5 mm and fluoride to a 
much less marked degree. 

I wish to thank Dr MclIlwain for having suggested the 
problem and for many helpful discussions. 
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Effects of Insulin and of Glycerol in vitro on the Incorporation of 
[carboxy -'*C]acetate into the Fatty Acids of Lactating 
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Udder slices from lactating ruminants (cow, ewe, 
goat) have been shown actively to utilize acetate as 
sole substrate with R.Q.> 1 (Folley & French, 1950), 
from which it was concluded that udder tissue of the 
ruminant can synthesize fat from acetate alone. 
On the other hand, slices of lactating mammary 
gland from non-ruminants (rat, rabbit) were inert 
to acetate, which, however, was utilized in the 
presence of glucose, the R.Q. then being of the same 
order (> 1) as in glucose alone. Moreover, addition 
of glucose to the medium increased the amount of 
acetate used by mammary gland slices from rumi- 
nants (sheep) and the R.Q. was increased. This was 
taken to indicate that glucose increases the utiliza- 
tion of acetate for fat synthesis under these condi- 
tions. 

The effect of insulin in vitro on fat synthesis by 
mammary gland slices has also been studied by 
respiratory measurements. Addition of insulin to 
the incubation medium resulted in a marked in- 


crease in the R.Q., —Qpo, and acetate uptake of rat 
mammary gland slices metabolizing mixtures of 
acetate and glucose, but had no effect on the respira- 
tion of the slices in acetate alone, from which it was 
concluded that in rat mammary tissue insulin en- 
hances fat synthesis from acetate in the presence of 
glucose, but evokes no fatty acid synthesis in acetate 
alone (Balmain, French & Folley, 1950; Balmain & 
Folley, 1951). Sheep udder slices, on the other hand, 
were inert to insulin both in acetate alone and in 
acetate plus glucose (Balmain & Folley, 1951). The 
increase in the R.Q. of mammary gland slices from 
lactating rats in the presence of insulin has been 
confirmed by Hills & Stadie (1952). 

Glycerol has been found to influence the meta- 
bolism of acetate plus glucose by rat mammary 
gland slices in a way similar to insulin in all respects 
save that the increase in R.Q. was less marked and, 
more important, glycerol did not increase — Qyincose 
while insulin did. This finding was interpreted as 
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showing that glycerol increased the rate of fatty acid 
formation by the slices and thus fat synthesis in the 
mammary gland might be limited by the amount 
of glycerol available (Balmain & Folley, 1951). 
Since the above conclusions rested largely on 
R.Q. determinations which are not universally 
accepted as yielding unequivocal information on the 
type of reaction occurring within an organ or tissue, 
it was considered advisable also to investigate these 
questions by tissue-slice experiments using iso- 
topically labelled acetate. The first of such experi- 
ments, in which mammary gland slices from lact- 
ating rats were incubated with glucose and [carboxy- 
14Cjacetate, the water of the medium being labelled 
with tritium, showed that the fatty acids synthe- 
sized by the slices in vitro contained appreciable 
amounts of tritium and 4C and that the content of 
both isotopes was increased in presence of insulin 
(Balmain, Folley & Glascock, 1951). The results of 
the present, more extensive, experiments, which 
have been reported in preliminary form elsewhere 
(Balmain, Folley & Glascock, 1952), confirm the 
above-mentioned deductions made from respiratory 
and acid-change measurements in every particular. 


METHODS 


Experimental animals: incubation of slices. The animals 
used were primiparous Norway rats (seven to eight young 
each) killed by dislocation of the neck after 13-15 days of 
lactation, and three primiparous lactating ewes (one lamb 
each) shot through the brain after 23-27 days of lactation. 
In the case of the ewes, each udder, immediately after 
removal, was dissected into its two constituent glands and 
separate experiments set up with tissue from each half, 
making, as in the case of the rats, six experiments in all. 

Mammary tissue was sliced with a Stadie & Riggs (1944) 
microtome. Pooled abdominal mammary tissue from two 
animals was used for each experiment with rats, batches of 
slices weighing 2 g. being shaken for 3 hr. at 37° in 100 ml. 
Warburg flasks containing 20 ml. Krebs bicarbonate saline, 
the gas phase being 95 % O, and 5%CO,(v/v). The medium 
contained 0-02 M-sodium acetate or 0-02 M-sodium acetate + 
0-3 % glucose. The acetate was labelled with CH;“COONa, 
the total radioactivity in each 20 ml. medium being 1-0 pe. 
In each experiment four flasks were set up containing acetate 
alone and four containing acetate + glucose. In one flask of 
each of these two series of four the tissue was killed at the 
outset by the addition of HCl toa conen. of 0-3.N. Crystalline 
insulin (Novo), free from glycogenolytic factor, was added to 
the medium in one of the remaining three flasks to a final 
concentration of 0-05 mg. (approx. 1 i.u.)/ml. and glycerol 
(final conen. 0-2%) to the medium in another. No addition 
was made to the fourth flask. The flasks were attached to 
Warburg manometers so that the steady rise in pressure, 
indicative of the high R.Q. exhibited by rat mammary gland 
slices under these conditions, and the enhanced rate of 
pressure rise duc to the addition of insulin or glycerol, could 
serve as convenient indicators of the progress of the experi- 
ment. 

The experiments on sheep tissue (3 g. batches of slices) 
were set up similarly except that no manometric observa- 
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tions were made; the incubations (3 hr.) were carried out in 
ordinary conical flasks each with a rubber bung carrying a 
glass tube, dipping under the surface of the medium, through 
which the gas mixture was bubbled (with constant shaking) 
throughout the incubation period. 

Isolation of total fatty acids. The method used for the isola- 
tion of the total fatty acids of the slices was modified from 
that of Popjak & Beeckmans (1950). At the end of the 
incubation period the tissue was killed by addition of HC] 
to a concen. of 0-3N and the contents of each flask homo- 
genized in a Folley & Watson (1948) homogenizer. After 
neutralization to litmus the mixture was taken practically to 
dryness under reduced pressure at 40° and the residue 
refluxed five times for 5 min. with successive 25 ml. lots of 
ethanol-ether, 3:1 (v/v). The decanted extracts were com- 
bined and taken to dryness under reduced pressure at 40° 
and traces of water removed by distilling 50 ml. benzene 
from the residue. The residue was refluxed five times for 
5 min. with 25 ml. portions of light petroleum (b.p. 40-60°). 
The combined, filtered extracts were taken to dryness 
(reduced pressure), and the residue refluxed for 24 hr. with 
5 ml. ethanolic KOH (1 vol. 40% KOH:10 vol. absolute 
ethanol). The solution of soaps was diluted with 10 ml. 
50% (v/v) ethanol and extracted with 5x50 ml. light 
petroleum. The solution was then acidified with H,SO, and 
extracted with 3 x 25 ml. light petroleum. The extract was 
washed with water until the washings were neutral, 1 drop 
of phenolphthalein added, and the liquid titrated to a faint 
permanent pink with Ca(OH), solution. The light petroleum 
was distilled from the solution of Ca salts of the fatty acids 
and the latter were evaporated to dryness on the steam 
bath. The Ca salts were not washed with unlabelled acetate 
since the ‘blank’ values (Table 1) gave no reason to suspect 
that they were contaminated with CH,“COONa.The samples 
so obtained were.counted with an end-window counter at 
infinite thickness on 1-0 cm.? disks and the results expressed 
as counts/min./mg. C by use of an appropriate factor. 

Isolation of glycerol. Glycerol was isolated as the tri-p- 
nitrobenzoate from the pooled saponification mixtures 
after extraction of the fatty acids, there being eight samples 
(blank, control, insulin, and glycerol each with acetate and 
glucose + acetate, respectively, as substrates) for each 
species (rat and sheep). Each solution was made just 
alkaline to phenolphthalein by addition of KOH and 
evaporated to dryness on the steam bath. The solid residue 
was extracted by refluxing with five successive portions of 
ethyl acetate (25 ml. each) and the solvent distilled off under 
reduced pressure. The residue was dissolved in 5 ml. pyridine, 
slightly more than the theoretical amount of p-nitrobenzoyl 
chloride added, the mixture refluxed for 5 min. and cooled 
for lhr. in the refrigerator. Water was added and the 
glyceryl tri-p-nitrobenzoate collected on a sintered-glass 
filter. The precipitate was washed on the filter with 0-1N- 
NaOH and then thoroughly washed with water. It was then 
washed with 5 ml. 95% ethanol added dropwise and finally 
given ten washes with 2 ml. portions of acetone, the pre- 
cipitate being thoroughly stirred each time. The final 
product dried over P,O; in vacuo had m.p. 188° and was 
assayed for MC. 

RESULTS 
Effect of glucose on incorporation of acetate carbon 


into fatty acids. A comparison of the incorporation 
of acetate carbon into the total fatty acids of the 
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mammary gland slices in the presence of acetate and 
of acetate plus glucose, respectively, is given for 
both species in Table 1. The results show in the first 
place that rat mammary gland slices in acetate alone 
incorporate no acetate carbon into fatty acids under 
our conditions, while sheep mammary gland slices 
incorporate appreciable amounts. In the presence 
of glucose, however, rat tissue is able to utilize con- 
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udder slices in Table 3. It will be seen that insulin 
evoked no fatty acid synthesis from acetate in rat 
mammary tissue incubated with acetate alone but, 
in the presence of glucose, insulin markedly in- 
creased the acetate incorporation in all experiments. 
In sheep udder tissue, irrespective of whether 
glucose was present, insulin had no detectable effect 
on fatty acid synthesis from acetate. 


Table 1. Effect of glucose on the incorporation of '4C into fatty acids of mammary gland slices 
(The results in this and the following tables are expressed as counts/min./mg. fatty acid C.) 


Rat mammary tissue 
Exp. no. 
See Blank 

j values* 

11-58 
0-40 


Substrate 2 3 + 
[carboxy-“C]acetate 43 40 50 
[carbory-4C]acetate + glucose é 3805 5886 3532 

Sheep mammary tissue 
Exp. no.f 


1L 2 2R 
[carboxy-\4C]acetate 3334 3539 2660 2948 4144 
[carboxy-'C]acetate + glucose 9533 9911 8975 10249 8086 


* The blank values also apply to the results in the following tables. 
+ 1L refers to the left udder-half of sheep no. 1, etc. 


3L 


Effect of insulin on the incorporation of 34C into fatty acids of rat mammary gland slices 


Exp. no. 


Table 2. 


Addition : 3 4 
Substrate: [carboxy-“C]acetate 
Insulin 86 40 97 43 58 58 
None 50 43 40 50 58 40 
Substrate: [carbory-C]acetate + glucose 


7567 10847 6383 7132 
3805 5886 3532 3215 


1991 


9061 
1069 


5951 


Insulin 
None 


Table 3. Effect of insulin on the incorporation of “C into fatty acids of sheep udder slices 


Exp. no.* 


2L 2R 3L 
Substrate: [carbory-“C]acetate 
2167 2671 
2660 2948 


1L 


- ; : 
Addition IR 3R 


3442 
4144 


4363 3330 
3334 3539 
Substrate: [carbory-“C]acetate + glucose 


9176 10195 9115 7729 7722 
9533 9911 8975 10249 


8068 
* 1L refers to the left udder-half of sheep no. 1, etc. 


Insulin 
None 


Insulin 
None 


siderable amounts of acetate carbon for fatty acid 
synthesis and, moreover, the incorporation effected 
by sheep udder slices is increased 2—3 times. The 
stimulating effect of glucose on fatty acid synthesis 
from acetate by mammary slices is thus very marked 
in both rat and sheep mammary tissue. 

Effect of insulin on incorporation of acetate carbon 
into fatty acids. The effect of insulin on the in- 
corporation of acetate carbon into the fatty acids of 
tat mammary slices is shown in Table 2, and of sheep 


Effect of glycerol on the incorporation of acetate into 
fatty acids. Tables 4 and 5 show the effects of glycerol 
on the utilization of acetate carbon for fatty acid 
synthesis by rat and sheep mammary tissue 
respectively. In the case of rat tissue in acetate 
alone, the results indicate that addition of glycerol 
evoked a slight utilization of acetate carbon for 
fatty acid synthesis. In glucose plus acetate, how- 
ever, glycerol almost doubled the utilization of 
acetate for fatty acid synthesis, the effect being 
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quite as large as that of insulin. In this connexion 
it may be noted that in respiratory experiments 


(Balmain & Folley, 1951) glycerol has given some- 
what smaller increases in R.Q. than insulin. In the 
case of sheep udder tissue in acetate alone, glycerol 


was effective in markedly increasing the amount of 


14C found in the fatty acids, but was ineffective in the 
presence of glucose. 
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R.Q. whilst an increase only in turnover rate would 
not do so; hence the present results taken in con- 
junction with our previous respiratory measure- 
ments leave little doubt that in the present experi- 
ments substantial incorporation of 14C into fatty 
acids is indicative of an increase in the rate of net 
fatty acid synthesis. The two sets of results, ob- 
tained by quite independent techniques, thus rein- 


Table 4. Effect of glycerol on the incorporation of 14C into fatty acids of rat mammary gland slices 





Exp. no. 
e ia _* 
Addition 1 2 3 4 5 6 
Substrate: [carboxry-\4C]acetate 
Glycerol 209 94 151 86 115 158 
None 50 43 40 50 58 40 
Substrate: [carboxy-C]acetate + glucose 
Glycerol 10282 8050 10566 6804 7657 2088 
None 5951 3805 5886 3532 3215 1069 


Table 5. Effect of glycerol on the incorporation of \4C into fatty acids of sheep udder slices 


Exp. no.* 
tO —_:. i_ 2: 000 0 0 DDD. ee}, 
Addition 1L 1R 2L 2R 3L 3R 
Substrate: [carbory-'C]acetate 
Glycerol 6880 5040 6534 5731 5753 5148 
None 3334 3539 2660 2948 4144 4018 
Substrate: [carboxy-C]acetate + glucose 
Glycerol 8878 9209 8752 8255 7477 7301 
None 9533 9911 8975 10249 8068 7441 


* 1L refers to the left udder-half of sheep no. 1, etc. 


Origin of glyceride glycerol. All samples of gly- 
ceryl tri-p-nitrobenzoate were virtually non- 
radioactive, indicating that under our conditions 
mammary gland slices of either species are unable 
to incorporate acetate carbon into glycerol. 


DISCUSSION 


All the deductions, mentioned in the introductory 
section of this paper, regarding the ability of 
mammary gland slices to utilize acetate for fatty 
acid synthesis in vitro, and the effects or lack of 
effects of glucose, glycerol and insulin upon this 
process in mammary tissue of ruminants and non- 
ruminants, have been confirmed by the present 
results; that is, in so far as they show that acetate 
carbon is incorporated into the fatty acids of 
lactating mammary tissue under certain defined 
conditions and that the rate of incorporation is 
increased in some circumstances by addition of the 
above-mentioned agents. It is not possible to tell 
from these results whether in any instance there has 
been an increased net synthesis of fatty acids or 
merely an increased turnover rate. However, an 
increased net synthesis would probably increase the 


force and complement one another, and it may be 
concluded that useful deductions about fat syn- 
thesis by mammary gland slices from lactating 
animals may be drawn from R.Q. measurements with 
fair confidence. 

Certain features of the results are worthy of 
comment. Addition of glycerol causes a small but 
definite incorporation of acetate carbon into the 
fatty acids of rat mammary slices in presence of 
acetate alone, a substrate towards which the slices 
are totally inert in absence of glycerol. In view of the 
marked utilization of acetate for fatty acid synthesis 
by rat mammary tissue in presence of glucose it 
would seem reasonable to suppose that rat mammary 
slices can convert glycerol to glucose or to some 
metabolite of glucose through which glucose stimu- 
lates fatty acid synthesis from acetate. The results 
show, however, that this conversion must be very 
slow. 

As regards the mechanism of the stimulation of 
fatty acid synthesis by glucose, it was suggested by 
Folley & French (19496, 1950) that if, as it is reason- 
able to suppose, glycerol can be a limiting factor in 
the synthesis of glycerides by mammary tissue and 
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hence, at one remove, of fatty acids, the favourable 
effect of glucose might be due to its breakdown to 
glycerol. Indeed, French & Popjak (1951) later 
demonstrated the active incorporation of carbon 
from [}*C]glucose into the glycerol of the milk 
glycerides in the living rabbit. However, since, as 
shown by the present work, the effect of glycerol on 
the utilization of acetate for fatty acid synthesis by 
rat mammary slices is very slight in comparison 
with that of glucose and, moreover, since both iso- 
tope and respiration studies demonstrate that in rat 
mammary tissue glycerol is effective when glucose is 
present, this cannot be the complete explanation of 
the glucose effect, at any rate as regards rat mam- 
mary tissue. On the other hand, this theory would 
suffice to explain our observations on sheep udder 
slices since in this tissue glycerol stimulates fat 
synthesis in acetate alone, but in acetate plus 
glucose causes no further enhancement beyond that 
due to glucose. Indeed, if anything, the results in 
all six experiments (Table 5) show that glycerol 
slightly inhibits the incorporation of 1C into the 
fatty acids in presence of acetate plus glucose. 

The absence of radioactivity from all the samples 
of glycerol isolated from the glycerides of the slices 
is of interest. It indicates that mammary tissue of 
ruminant and non-ruminant alike cannot in vitro 
incorporate acetate carbon into glycerol. This is in 
contrast with recent findings in the lactating animal 
in vivo. Incorporation of 14C from [carboxy-'4C]- 
acetate into the glycerol of the milk glycerides has 
been observed in the lactating goat (Popjak, 
Glascock & Folley, 1952) and rabbit (French & 
Popjak, 1951). That this can occur in the mammary 
gland itself is probable since the perfused isolated 
bovine udder incorporates acetate carbon into 
lactose (Cowie et al. 1951). The origin of the glycerol 
presumably used for glyceride formation by sheep 
udder slices actively metabolizing acetate alone 
(with R.Q.> 1, as may be concluded from the results 
of Folley & French, 1950, and therefore probably 
effecting net fatty acid synthesis), is accordingly 
rather puzzling. It is of course possible that in these 
slices free fatty acids not esterified with glycerol are 
accumulating—and the fact that glycerol does 
appear to be a limiting factor in this particular 
system is in accord with this suggestion—but 
perhaps it is more likely that the necessary glycerol 
is formed from some precursor stored in the tissue 
cells. 

The differences between mammary tissue from 
Tuminants and non-ruminants in respect of their 
response to insulin in vitro, observed in our previous 
respiratory studies and now confirmed by isotope 
incorporation experiments, may be significant as 
regards the mechanism of the stimulating effect of 
insulin on fatty acid synthesis. Respiration studies 
indicate that mammary tissues from ruminants and 
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non-ruminants may differ in their energy-yielding 
systems. Mammary tissue of the non-ruminant 
appears to obtain its energy from the assimilation 
of carbohydrate (Folley & French, 1949a); the 
ruminant udder, however, oxidizes acetate in 
preference to carbohydrate (Folley & French, 1950). 
Since fatty acid synthesis in the mammary gland is 
an energy-requiring process it is tempting to suggest 
that the insulin effect is exerted via the system 
which obtains energy from carbohydrate oxidation. 
This theory agrees with the fact that the insulin 
effect has been observed only with non-ruminant 
mammary tissue and then only in presence of 
glucose. It is true that Brady & Gurin (1950) found 
that insulin increases the incorporation of acetate 
carbon into the fatty acids of rat-liver slices meta- 
bolizing acetate as sole substrate, but the presence of 
carbohydrate stores in liver tissue from fed rats 
must not be overlooked in interpreting these 
findings. On the other hand, the similarity in the 
effects of glycerol and insulin on fat synthesis from 
acetate which emerges from the present experiments, 
even more clearly than from our earlier respiratory 
studies, suggests that, as pointed out previously 
(Balmain & Folley, 1951), the insulin effect in this 
system may possibly be mediated, partly at least, 
through the breakdown of glucose to glycerol which 
occurs in mammary tissue. Two observations on rat 
mammary slices are in accord with this theory: first 
that the effects of insulin and glycerol are not 
additive, and secondly that while insulin increases 
—Qyiucose in acetate plus glucose, glycerol does not 
(Balmain & Folley, 1951). The fact that sheep udder 
slices in acetate plus glucose are inert not only to 
insulin but to glycerol as well would also fit in with 
this view. This very tentative hypothesis does not 
necessarily conflict with the findings of Chaikoff and 
his collaborators (Felts, Chaikoff & Osborn, 1951a, b; 
Osborn, Chaikoff & Felts, 1951) who showed that 
pretreatment of the donors with insulin diverted 
acetate (and the two-carbon fragment formed from 
pyruvate) from oxidation to fatty acid synthesis in 
liver slices from diabetic rats. 


SUMMARY 


1. The effects of insulin and of glycerol, added in 
vitro, on the incorporation of “C into the total fatty 
acids of slices of lactating mammary gland from the 
rat and sheep, incubated in [carboxy-C]acetate 
alone or with unlabelled glucose, have been studied. 

2. Rat mammary gland slices incorporated no 
acetate carbon into the fatty acids in acetate alone, 
but incorporated considerable amounts in the 
presence of glucose. Sheep udder slices effected 
considerable fatty acid synthesis from acetate alone, 
but the utilization of acetate carbon for this purpose 
was greatly increased in presence of glucose. 
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3. Insulin did not alter the inactivity of rat 
mammary gland slices towards acetate as sole sub- 
strate, but in presence of glucose it considerably 
increased the }4C found in the fatty acids. The 
incorporation of #4C into the fatty acids of sheep 
udder slices was unaffected by insulin both in acetate 
alone and in acetate plus glucose. 

4. Glycerol caused a slight incorporation of 
acetate carbon into the fatty acids of rat mammary 
gland slices in acetate alone, and in acetate plus 
glucose its stimulating effect on “C incorporation 
was as great as that of insulin. It stimulated the 
utilization of acetate for fatty acid synthesis by 
sheep udder slices in acetate alone but in acetate 
plus glucose its effect was slightly inhibitory. 

5. Glyceride glycerol isolated as_ tri-p-nitro- 
benzoate from the neutral fat of the slices was not 
radioactive in any experiment. Mammary gland 


slices under our conditions do not incorporate 
acetate carbon into glycerol. 

6. Deductions from respiratory and acid-change 
measurements as to the ability of mammary gland 
slices to utilize acetate for fatty acid synthesis in 
vitro and the effect of glucose, of insulin and of 
glycerol upon this process in ruminant and non- 
ruminant mammary tissue respectively have been 
confirmed. There is now little doubt that mammary 
gland slices are capable of effecting fatty acid 
synthesis from small molecules in vitro. 


We are indebted to Dr S. K. Kon for access to the rat 
colony maintained by him in the Nutrition Department at 
this Institute; to Dr K. Hallas-Moller of Novo Terapeutisk 
Laboratorium, Copenhagen, for generous supplies of 
crystalline insulin free from glycogenolytic factor, and to 
Miss M. Beard for care of the sheep. 
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D-Amino-acid Oxidase in the Molluscan Liver 


By H. BLASCHKO ann JOYCE HAWKINS 
Department of Pharmacology, University of Oxford, and the Marine Biological Laboratory, Plymouth 


(Received 23 January 1952) 


The enzyme D-amino-acid oxidase was first found in 
mammalian liver and kidney (Krebs, 1933); it 
occurs in all vertebrates that have been examined. 
A review on D-amino-acid oxidases by Krebs (1948) 
refers to the occurrence of an enzyme of this type in 
bacteria and in certain strains of the mould Neuro- 


spora. 
We have recently briefly reported that D-amino- 
acid oxidase is present in the liver of Octopus 
vulgaris and of Sepia officinalis (Blaschko & 
Hawkins, 1951). This appears to be the first time 
that the enzyme has been found in invertebrates. 
We now wish to report some observations on the 


occurrence of D-amino-acid oxidase in other classes 
of molluscs and also to describe some of the pro- 
perties of this enzyme. 


MATERIALS AND METHODS 


Animals. Specimens of Sepia officinalis and Octopus 
vulgaris were dissected in Plymouth. The livers were im- 
mediately frozen in solid CO, and taken to Oxford in a 
thermos flask. They were then stored at — 10°. 

In the other species examined (Mytilus, Anodonta, Heliz) 
the liver is not as well defined a structure as in the two 
species of cephalopods, and tissue used included parts of the 
alimentary canal. Mytilus edulis was also obtained from 
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Plymouth and dissected in Oxford. A few specimens of 
Anodonta were collected locally, and specimens of a species 
of Helix (possibly aspersa) were collected in a garden in 
Oxford. 

The enzyme preparation. Homogenates were prepared in 
0-067 m-sodium phosphate buffer of pH 7-4; usually 1 g. 
of tissue was homogenized in a total volume of 5 ml. The 
preparation of an acetone-dried powder of Octopus liver will 
be described later. 

Measurement of enzymic activity. This was determined 
manometrically. The main compartment of a conical flask 
contained 1-6 ml. of homogenate, the side bulb 0-4 ml. of 
either water or of a solution of the amino-acid to be tested. 
The concentration of the amino-acid solution was 0-05, 
when the D-amino-acid was used, and 0-1m when the DL- 
amino-acid was used. The inner tube contained a filter 
paper and 0-3 ml. of N-KOH. The gas phase was O,, and the 
temperature, unless otherwise stated, was 37:5°. Readings 
were usually taken at 5 min. intervals for 30 min.; the en- 
zymic activity was usually calculated from the O, uptake 
during the first 15 min. period of incubation. 

Some of the amino-acids did not dissolve completely ; this 
was most marked with tyrosine, cystine and 2-amino-n- 
octanoic acid, which were added as suspensions. Solutions of 
the dicarboxylic acids, and of the dihydrochlorides of the 
basic amino-acids, were neutralized before use. 


RESULTS 
Cephalopods 


The experiments on D-amino-acid oxidase of Sepia 
liver were carried out early in 1951, after the livers 
had been stored for about 4 months. It is therefore 
possible that the enzymic activity of the fresh organs 
had been higher. In the first experiment valine was 
used as substrate, and the oxygen uptakes (pl. O,) 
recorded in 30 min. were: without added amino- 
acid, 38; additional uptake with pD-valine, 28; 
additional uptake with t-valine, 3. In view of the 
large blank, the oxidation of L-valine cannot be 
considered significant. 
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strates of oxidation in Sepia; the figures in the last 
column give the relative rates of oxidation com- 
pared with that of p-leucine. A number of other 
amino-acids were tested, but these did not signifi- 
cantly raise the oxygen uptake above that found in 
the blank. They were: D-alanine, DL-«-amino-n- 
butyric acid, DxL-serine, DL-threonine, DL-proline, 
DL-aspartic acid, DL-ornithine, Du-lysine, D-histi- 
dine, DL-cystine and pL-homocystine. It must be 
pointed out, however, that in view of the large 
oxygen consumption of the ‘enzyme blank’, it is 
quite possible that some of these compounds are 
oxidized, but at a slower rate. 

The experiments on Octopus enzyme described 
here were carried out in the summer of 1951, on a 
liver which had been dissected only a few days 
earlier. The liver weighed about 35 g. Part of the 
organ was used in the preparation of several homo- 
genates; the remainder, 12-8 g., was converted into 
an acetone-dried powder. 

Altogether eight experiments were carried out, 
using different homogenates. The enzyme blank in 
the first 15 min. varied between 22 and 29 yl. O,, the 
additional oxygen uptake with p-leucine, which 
again served as a standard of comparison, between 
30 and 45-5yl. These experiments are shown in 
Table 2. 

It can be seen from Table 2 that all the un- 
branched monoamino-monocarboxylic acids were 
oxidized; the maximum rate of oxidation in this 
series occurred with «-amino-n-butyric acid. Of 
the branched acids, valine, leucine and isoleucine 
were oxidized, but «-aminoisobutyric acid was not 
oxidized. It is interesting that histidine (the DL 
form) was oxidized by the Octopus preparation. The 
result with Di-lysine must be considered as doubt- 
ful. pxi-Ornithine was not oxidized in one experi- 
ment, DL-threonine was not oxidized in two experi- 
ments. 


Table 1. Oxidation of D-amino-acids in homogenates of Sepia liver 


Additional O, uptake in 15 min. (yl.) 


4 * 6 ; Mean, as % of 
oxidation of 


a p-leucine 





Exp. no. ... oad “aa 1 2 3 
Amino-acid cr - -_—— 

pL-Norvaline — 15-5 — 
pL-Norleucine _- 11-5 7-5 
p-Valine —- 4:5 3-5 
p-Leucine 41-5 11 6-5 
p-Isoleucine 2§ 6-5 4-5 
pL-Glutamic acid = — — 
D-Tryptophan _— 16 7 
D-Phenylalanine — 13 7-5 
pL-Methionine -= 18 14 


D-Leucine was also oxidized by the Sepia 
enzyme, and in all the later experiments, one flask 
was included in which the oxidation of D-leucine was 
measured; this compound serves as basis of com- 
parison. Table 1 contains results with all those 
amino-acids tested which can be considered as sub- 
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In one additional experiment in which D-leucine 
was not used, the 15 min. figures for oxygen uptake 
(yl.) were: without added substrate, 29; additional 
uptake with p-phenylalanine, 75; additional uptake 
with pu-phenylalanine, 58-5; additional uptake 
with L-phenylalanine, 7. 
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Part of the same Octopus liver was converted into an 
acetone-dried powder; an extract was prepared from the 
powder following the procedure of Bender & Krebs (1950), 
except that the extract was not obtained by filtration but 


by centrifugation for 15 min. at 0°. This gave an almost clear 


supernatant fluid. We used the sodium pyrophosphate buffer 
of pH 8-4 described by Warburg & Christian (1938) for the 
extraction. 

A sample (1 ml.) of this extract and 0-6 ml. of the 
pyrophosphate buffer were used in each flask. The 


genates were prepared by adding 2 ml. of cold 0-67M- 
sodium phosphate buffer of pH 7-4 to each g. of tissue and 
grinding thoroughly. In the manometric experiment, each 
flask contained 0-5 ml. of the homogenate plus 1-1 ml. of the 
buffer. The temperature in these experiments was 17°; the 
gas phase was O,. 


Altogether five experiments were carried out 
with preparations from Mytilus. No significant 
oxygen uptake was noted with valine, leucine, 
proline, threonine, glutamic acid and tryptophan. 


Table 2. Oxidation of D-amino-acids in Octopus liver 


Exp. no. ... ae ee | 2 3 


Additional O, uptake in 15 min. (yl.) 


4 5 6 7 8 Mean, as % of 


oxidation of 

















Amino-acid ‘ p-leucine 
pL-Alanine -— 44-5 35 100 
DL-«-Amino-n-butyric acid --- — — 66-5 — —_— — 70-5 188 
pL-Norvaline 49-5 — — — — — 56 165 
pL-Neorleucine 30 -- — —- 52 = 60 132 
DL-2-Amino-n-octanoic acid — — — — 19 —- 21 56 
DL- Valine —- a os 32-5 —- —- 16 -- 64 
p-Leucine 30 45-5 34-5 39 38 38-5 35:5 34 100 
p-Isoleucine — — — 25-5 — — 26-5 — 70 
DL-Aspartic acid — _ 14 — 19-5 — — — 46 
DL-Glutamic acid 38 31-5 — 108 
DL-Serine = 21 -—— -—— —— 16-5 — — 44 
pDL-Proline — = 30 — a — ~- 29-5 87 
p-Tryptophan 4 — 17-5 12-5 - _— -— 30 
DL-Histidine — — 37 -- ~~ — — 42-5 116 
DL-Lysine + — — ~- 0 — _— — 
DL-Methionine 39 45-5 — 129 

Table 3. Oxidation of D-amino-acids in homogenates of Helix liver 
Exp. no. ee = ns aux 1 2 3 4 
Additional O, uptake in 15 min. (l.) 
Amino-acid 
pt-Alanine _- -- 22 11 
pL-«-Amino-n-butyric acid — — 35-5 33-5 
DL-Norvaline —- —- 44-5 47 
pDL-Norleucine — — 9 11-5 
DL-2-Amino-n-octanoic acid - = - 5-5 0 
p-Leucine 78 72 59 44-5 
p-Isoleucine _- = ~- 3 
p-Phenylalanine 49-5 38-5 — — 
pL-Methionine 61-5 50 = - 


amounts of oxygen (yl.) consumed in 30 min. were: 
without added substrate, 7; additional uptake with 
pu-glutamic acid, 77; u-glutamic acid, 7-5; DL- 
tyrosine, 14-5; L-tyrosine, 6. 

The experiment shows that the rapid oxygen 
uptake with glutamic acid occurred only when the 
D form was present. This makes it likely that the 
oxidation was catalysed by D-amino-acid oxidase 
and not by another enzyme. The oxygen uptake in 
the flask with DL-tyrosine was larger than in that 
with L-tyrosine; the slight oxidation of L-tyrosine 
may possibly have been due to tyrosinase which is 
known to occur in Octopus. 


Lamellibranchs 


Mytilus. The ‘livers’ from a number of specimens were 
dissected, weighed and frozen in a mortar at — 10°. Homo- 


There was an oxygen uptake in two experiments 
with DL-methionine (73-5 and 74-5 yl. O, respectively 
in 15 min.), and in one experiment with DL-serine 
(17-51. O, in 15 min.). With the unbranched 
monoamino acids the oxygen consumed in 15 min. 
was: 


Exp. 1 Exp. 2 

(ul. O2) (pl. Oz) 
Blank 4 4 
pL-Alanine 6-5 0 
DL-a«-Amino-n-butyric acid 13-5 27 
pL-Norvaline 33 44 
pL-Norleucine 47 43 
DL-2-Amino-n-octanoic acid 0 11-5 


Anodonta. Two experiments were carried out 
with the ‘liver’ homogenate. In the first experi- 
ment there was no oxygen uptake with p-leucine, 
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p-phenylalanine and pi-methionine; in the second 
experiment with D-leucine, pL-phenylalanine, DL- 
norvaline and DL-methionine there was again no 
oxygen uptake. The blank oxygen uptakes in 
15 min. at 22° were 10-5 and 15-5 yl. respectively. 


Gastropod (Helix) 


The results of four experiments with the ‘liver’ 
homogenate are set out in Table 3. The blank 
oxygen uptake in these experiments varied from 
4-5 to 14-5 yl., and many amino-acids were found to 
be oxidized. The result with 2-amino-n-octanoic 
acid and with isoleucine must be considered doubt- 
ful. In Exp. 4, Di-cystine, Di-homocysteine and 
pDL-ornithine were also tested; they were not 
oxidized. 


DISCUSSION 


The experiments here reported show that in four 
of the five species of molluscs examined, the liver 
contains a D-amino-acid oxidase akin to that found 
in vertebrates. The enzyme occurred in all the classes 
examined: cephalopods, lamellibranchs and gastro- 
pods. It is of interest to compare the properties of 
the preparation studied in this paper with those of 
the mammalian enzyme. Bender & Krebs (1950) 
have recently examined the substrate specificity of 
the sheep-kidney enzyme. In many ways the 
molluscan enzymes resemble the sheep-kidney 
enzyme, but there are some differences not only 
between the sheep and the molluscs, but also 
differences from one molluse to another. Points 
of similarity are thet many monoamino-mono- 
carboxylic acids are readily attacked by the sheep 
enzyme and by the molluscan enzyme; the basic 
amino-acids are not so readily oxidized. Serine is 
oxidized by the sheep and by Octopus and so is 
proline. Both methionine and phenylalanine are 
readily attacked in mammals and in molluscs. Of 
the differences, one may be noted: the Octopus 
enzyme oxidizes D-glutamic acid, which is not a 
substrate of the sheep enzyme. 

There are differences between the different 
molluscan preparations in the relative rates of 
oxidation in the homologous series 


CH,(CH,),CHNH,COOH. 


Of this series, alanine (n=0), «-amino-n-butyric 
acid (n= 1), norvaline (n= 2), norleucine (n = 3) and 
2-amino-n-octanoic acid (n= 5) were available. In 
Octopus all members of the series were oxidized ; the 
maximum rate of oxidation was found with «- 
amino-n-butyric acid (n=1); in Sepia, norvaline 
(n= 2) and norleucine (n = 3) were the only members 
that were oxidized at a measurable rate; in Helix, 
where all members were oxidized, the maximum 


rate was with norvaline (n=2). In Mytilus, 
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norvaline and norleucine were oxidized most 
readily, and with both alanine (n= 0) and 2-amino- 
n-octanoic acid (n= 5) there was little or no oxygen 
uptake. These results show that at first there is a rise 
of the oxidation rate with increasing chain length, 
but that with a further increase in chain length the 
rate falls off. This might be explained by the lower 
solubility of the higher members of the series, but it 
is interesting that in each species the specificity 
pattern is different and the maximum rate of 
oxidation occurs with a different member of the 
series. 

The structure and function of the liver in 
molluses differs fundamentally from that in verte- 
brates. In fact, in different molluscan species the 
liver has an entirely different character. This subject 
is reviewed by Yonge (1937). In Octopus and Sepia 
the liver is a parenchymatous organ which is 
separated from the gut, as it isin vertebrates. In the 
other three species examined (Mytilus, Anodonta 
and Helix), the ‘liver’ is not separated from the gut, 
and each part of the tissue contains not only secre- 
tory elements, but also parts of the intestinal 
lumen. An interesting outcome of our observations 
is that the presence or absence of the enzyme does 
not coincide with these differences in structure and 
function, but that not only the cephalopods, but 
also Mytilus and Helix, contain the enzyme. The 
possibility that in the two latter species intestinal 
bacteria contribute to the enzymic activity cannot 
be excluded, but it is of interest that the enzyme in 
these two species is akin to the oxidase in verte- 
brates and in cephalopods where the danger of 
bacterial contamination seems remote. 

The enzyme was not found in Anodonta. This may 
have been due to unsuitable experimental condi- 
tions, but these did not differ from those in which 
the presence of the enzyme in other species was 
easily demonstrated. It is of interest that in marine 
lamellibranchs (Ostrea and Mytilus) the concentra- 
tion of non-protein amino-acids in the muscle tissue 
is high, but that in the fresh-water species, Ano- 
donta, the amino-acid content is very low (Ducha- 
teau, Sarlet, Camien & Florkin, 1952). This seems 
to make it worth considering whether the oxidase is 
in some way connected with the metabolism of the 
amino-acids in the tissues. 

It would clearly be of interest to extend this 
survey of D-amino-acid oxidase to other phyla, as 
a better knowledge of its distribution may help 
towards an understanding of its function in the 
animal body, which is still unknown (see Krebs, 
1948). It has been suggested (Warburg, 1948) that 
in vivo the enzyme is concerned in the synthesis of 
L-amino-acids rather than in the breakdown of the 
p forms. However, D-amino-acids are now known to 
occur in nature more commonly than had been 
believed and this makes it less surprising that an 
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enzyme dealing with these substances is so wide- 
spread. Possibly there are animals in which p- 
amino-acids are metabolized either as constituents 
of the diet or as products of intermediate meta- 
bolism. 


SUMMARY 


1. The enzyme D-amino-acid oxidase occurs in 
the liver of two cephalopods, Sepia officinalis and 
Octopus vulgaris. The substrate specificity of the 
enzyme has been studied in tissue homogenates. The 
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Octopus enzyme is also present in the extract of an 
acetone-dried powder of the liver. 

2. The enzyme was also found in the ‘liver’ of a 
gastropod species, Helix. 

3. The ‘livers’ of two lamellibranchs were ex- 
amined. The enzyme was found in Mytilus edulis, 
but it was not found in Anodonta. 


The authors are grateful to the Director and Staff of the 
Marine Biological Laboratory for help and facilities offered. 
They also wish to thank Miss Jean Himms for technical 
assistance. 
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The Effect of Age on the Bulk Protein Composition 
of Chlorella vulgaris 


By L. FOWDEN 
Department of Botany, University College, Gower Street, London, W.C. 1 


(Received 30 January 1952) 


The effect of time of harvesting upon the propor- 
tions of the total protein nitrogen found as amide N, 
‘basic N’ and monoamino N in the leaves of higher 
plants has been studied by Chibnall (1922, 1926) and 
Pearsall (1931). Such investigations have been 
continued by Lugg & Weller (1941, 1948) who 
determined the percentages of certain amino-acids 
(tryptophan, methionine and cystine-cysteine) in 
leaf-protein fractions. Methionine and cystine 
contents of the proteins of pasture plants harvested 
at different times have also been determined by 
Smith & Wang (1941). 

The variation of protein composition with age in 
members of the lower plant orders has been little 
investigated. Several workers (Camien, Salle & 
Dunn, 1945; Freeland & Gale, 1947) have studied 
the protein composition of various micro-organisms, 
and the effects produced by variations in the 
culture media. The effect of the age of the culture 
upon the protein composition was not, however, 
investigated, the cultures normally being harvested 
during their exponential phase of growth. Fowden 
(1951a) has reported the composition of the bulk 
protein of the alga Chlorella vulgaris during its 
phase of exponential growth; Mazur & Clark (1938, 
1942) earlier reported the protein composition of 
several algae at undefined stages of their growth. 


The present paper presents the results of an 
investigation of the protein composition of Chlorella 
and includes complete analyses of protein fractions 
obtained from cultures of widely differing ages. In 
addition to contributing to knowledge of the 
nitrogen metabolism of this alga, the analyses can be 
expected to provide data for assessing the merits of 
Chlorella cultures of different ages if used as a 
source of food, as envisaged by several authors 
(Spoehr & Milner, 1948; Meier, 1949; Pearsall & 
Fogg, 1951; Geoghegen, 1951). 


EXPERIMENTAL 


Growth of alga. C. vulgaris was grown on the medium of 
Pearsall & Loose (1936) to which was added 1 ml./l. of 
trace-element solution A4 (Arnon, 1938) containing B, Mn, 
Cu and Zn. Into each one of a batch of penicillin-culture 
flasks were introduced 500 ml. of the medium; they were 
then autoclaved for 20 min. at a pressure of 12 Ib./sq. in. 
The medium, which was heavily buffered with phosphate, 
usually had a pH of 6-1-6-2 at this stage. Each flask was 
then inoculated with 1 ml. of an actively growing Chlorella 
culture containing about 5000 cells/cu.mm. The flasks, now 
containing about 10 cells/cusmm., were maintained at 
20+2° under a continuous uniform illumination of 150 ft.c. 
Growth was allowed to proceed for various periods of time, 
the flasks being gently shaken twice per day. 
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Harvesting. At selected intervals of time, the contents of 
one flask were harvested. The flask was gently shaken to 
obtain a uniform suspension and a few ml. of the culture 
were removed for haemocytometer cell counts. The re- 
mainder of the culture was centrifuged at 500 g for 5 min., 
after which the supernatant medium could be decanted 
without disturbing the packed cells. The supernatants 
obtained in this way were preserved under toluene at 3° 
until the necessary analyses could be performed. The cells 
were washed twice by centrifugation with distilled water. 
Asmall sample was then removed, dried at 95°, ground to a 
fine powder, and then stored for determination of total N. 
The remaining cells were immediately treated as described 
later for protein extraction. During the first few days of 
growth, the contents of several flasks had to be combined in 
order to obtain sufficient material for a successful protein 
extraction to be performed. The maximum age of any 
culture examined was 5 weeks. Additional culture flasks 
were harvested at intervals to determine more accurately 
the rate of growth of the Chlorella and the rate of absorption 
of N from the medium by the cells. No attempt was made 
to extract the protein from the cells in these additional 
cultures. 

Nitrogen absorption from the medium. Equal amounts of 
NH,;-Nand NO, -N were supplied as NH,NO,in the medium, 
this being the only source of N. The assimilation of each 
form of N by the Chlorella was determined as the difference 
between the amounts originally present in the media and 
those remaining after harvesting the cells. 

The NH,-N present in 5 ml. of each medium was removed 
by distillation with MgO in a Markham still, the NH, being 
collected in the boric acid-indicator mixture of Conway 
(1947), and determined by titration against 0-01 N-HCl. 

The NO;-N present in 0-25 ml. of each medium was 
determined colorimetrically using phenoldisulphonic acid 
(Snell & Snell, 1949). After making alkaline, the volumes 
were made up to 25 ml., and the absorption measured at 
A=440 mz. in a Unicam spectrophotometer. It was ob- 
served that the optical density of the colour produced in the 
presence of the other constituents of the medium was less 
than that produced from the same amount of NO;-N when 
NH,NO, was used in pure solution. Thus the optical densities 
corresponding to known amounts of nitrate had to be 
determined by difference between the intensities of the 
colours produced from 0-25 ml. of each medium, and those 
obtained after the addition of standard amounts of NO;-N 
to further 0-25 ml. samples of the media. 

Protein extraction, hydrolysis and analysis. The procedures 
employed for the extraction, hydrolysis and subsequent 
chromatographic amino-acid analysis of the protein fractions 
from the harvested cells were those described in an earlier 
paper (Fowden, 1951a) with the following slight modifica- 
tions and additions. In the case of cultures having a cell 
count greater than 35 000/cu.mm., the freshly harvested 
cells were suspended in a volume of borax solution some- 
what greater than the 35 ml. used previously, in order to 
maintain the high percentage of cell breakdown during the 
shearing process. Total N determinations were performed on 
each of the protein fractions isolated. 

All the protein fractions were hydrolysed without any 
trace of humin formation, with the exception of one fraction 
which had a very low N content of 8-6 %. In this case a small 
amount of humin was precipitated during the course of the 
hydrolysis, but this resulted in a loss of less than 1% of the 
total protein nitrogen. 
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In order to confirm the histidine contents of the different 
protein fractions obtained using the paper-chromatographic 
method of assay, additional estimates were obtained using 
the modified Pauly colorimetric method of Macpherson 
(1946). The method was subject to interference from tyro- 
sine, which produced a colour similar to that given by 
histidine with the Pauly reagent. The sensitivity for tyrosine 
was found to be only 28 % of that obtained with histidine, 
and so accurate corrections could be applied to the histidine 
values for the known amounts of tyrosine in each protein 
hydrolysate. 

Proline estimations were carried out after the chromato- 
graphic separations using the colorimetric method of 
Fowden (19515), the final colours being read at A=440 my. 
Although the sensitivity of this method for proline was only 
one-third of that obtained for the «-amino-acids, the method 
was found to be more reliable than the copper colorimetric 
method used previously for proline assay (Fowden, 1951 a). 

Total N determinations. These were done by a micro- 
Kjeldahl method. 

Amide N. Values were obtained by estimating the NH, 
produced during hydrolysis with n-H,SO, for 3 hr. at 100° 
by the nesslerization procedure of Umbreit, Burris & 
Stauffer (1945). 


RESULTS 


Growth of Chlorella. No significant lag phase in 
the growth of the Chlorella was observed after the 
initial inoculation of the culture flasks. The cell 
count increased in an exponential manner during the 
first 7 days of growth, when the cell concentration 
was about 15000/cu.mm. After this time, the 
frequency of cell division decreased, maximum 
growth being recorded at about 20 days when the 
cell count had reached approximately 68 000/ 
cu.mm. In older cultures, cell breakdown had 
commenced with a consequent reduction in the cell 
counts, which at the end of the 5-week growth 
period had fallen to 40 000/cu.mm. 

The nitrogen available in the medium appeared to 
determine, at least in part, the amount of growth 
possible; virtually all the nitrogen present in the 
medium had been assimilated by the cells in the 
first 13 days of growth, when the cell count had 
reached 58 000/cu.mm. The further growth beyond 
this point must have occurred by a process in which 
some of the limited store of soluble nitrogenous 
compounds within the cells was utilized for new 
protein synthesis. 

During the early stages of growth, the NH,-N was 
used much more rapidly than the NO;-N. At the 
end of the phase of exponential growth (7 days) one- 
half of the NH,-N supplied had been absorbed, 
whilst only about one-eighth of the total NO; -N 
had left the medium. The remaining NH;-N was 
absorbed by the end of the 10th day of growth. The 
rate of NO; -N utilization then increased markedly 
until nitrate also was completely removed from the 
medium. The preferential absorption by the cells of 
NH,-N resulted in a decrease in the pH of the 
medium of about 0-5 unit, the fall being following by 
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a slight rise of pH as the nitrate concentration 
decreased. 

Table 1 presents the data obtained during the 
growth of the Chlorella showing the numbers of cells 
and the absorption of NH,-N and NO;-N from the 
medium. 

Total nitrogen determinations on whole dried 
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analyses on whole dried cells and on the protein 
fractions isolated. 

Composition of bulk protein fractions. Four of the 
protein fractions were subjected to amino-acid 
analysis. These fractions had been isolated from 
Chlorella cells representative of the four main 
stages of growth observed, namely from cells 


Table 1. The growth rate of Chlorella vulgaris, the levels of combined nitrogen remaining 
in the medium, and the changes in pH of medium 
NH,-N NO;-N 
Time of remaining in remaining in 
growth Cell count medium medium pH of 
(days) (per cu.mm.) (ug. N/ml.) (ug. N/ml.) medium 
0 12 131 131 6-20 
3 525 129 129 6-09 
+ 1 250 —_— _— —_ 
5 2 700 116 127 6-05 
6-7 14 560 66 117 5-86 
8-8 34 000 5 91 _- 
9-9 40 400 0 80 5-66 
12-9 58 000 0 8 5-90 
16-7 66 000 0 0 5-89 
21 68 000 0 0 5-86 
28 52 000 0 0 — 
35 40 000 0 0 — 


cells indicated that protein formed 30% of the cell 
dry weight during the phase of exponential growth. 
During the later stages of growth the total cell 
nitrogen content decreased to about two-thirds of 
its former value. Soluble cell nitrogen extracted with 
70 % (v/v) aqueous ethanol, when expressed as a per- 
centage of the total cell nitrogen, remained fairly 
constant during the whole period of growth studied. 

Extraction of protein fractions. Protein was ex- 
tracted from freshly harvested Chlorella cells at six 
different stages during their growth. The protein 


Table 2. The total and soluble nitrogen contents of 
Chlorella vulgaris, and nitrogen contents of protein 


fractions isolated 


Soluble N of N in protein 


Age of Total N of dried cells fractions 
culture dried cells (g.-/100 g. isolated 
(days) (g. N/100 g.) total N) (g. N/100 g.) 
5 58 10-1 10-3 
8-8 3-9 — 8-6 
12-9 3-6 10-3 10-5 
21 3-8 — 10-0 
28 3-6 13-1 10-5 
35 3-7 -- 10-1 


fractions isolated after the cells had been broken by 
shearing contained 80-85% of the total nitrogen 
released from the cells which had been broken. 
Since 10-15 % of the total nitrogen of the cells was 
present as soluble nitrogenous constituents, the 
fractions isolated were considered to be representa- 
tive of the whole cell proteins. The nitrogen con- 
tents of the protein fractions isolated were generally 
slightly greater than 10% of their dry weight. 
Table 2 contains the data obtained from nitrogen 


harvested during the exponential phase of growth 
(culture A), at the end of this phase (culture B), at 
the time of maximum growth (culture C), and during 
the senescent breakdown stage (culture D). In 
cultures A and B the cells had used ammonia as 
their main nitrogen source, whilst both the ammonia 
and the nitrate had been completely absorbed at 
the stage of maximum growth. 

Table 3 presents the results of the amino-acid 
analyses performed on the hydrolysates of the 
protein fractions. With the exception of the values 
given for cystine and tryptophan, all estimates 
were obtained by the method of quantitative 
amino-acid paper chromatography. Cystine and 
tryptophan determinations were made, using 
specific colorimetric methods. Histidine values 
obtained by the chromatographic and modified 
Pauly methods are given separately in the Table. 
The figures presented are the mean values of four 
determinations in the case of amino-acids estimated 
by the chromatographic method, whilst cystine, 
tryptophan, histidine (by modified Pauly) and 
amide N values are the means of duplicate deter- 
minations. The standard deviations from the mean 
values are given in parentheses. 


DISCUSSION 


In form, the growth curve of the Chlorella, which 
reached a maximum value at about the 20th day, 
resembled that obtained by Pearsall & Loose (1936) 
for the same species. The maximum cell concentra- 
tion observed was, however, over twice that found 
by the earlier workers. Temperature, light intensity 


Ci 


nl 
til 
of 
pe 
ce 








Vol. 52 


and the amounts of available nitrogen and other 
inorganic salts are probably the factors controlling 
the rate and total amount of growth under the con- 
ditions used. In the present investigation, all the 
nitrate supplied in the medium was absorbed by the 
Chlorella cells during their growth, whereas Pearsall 
& Loose (1936) found that only one-third of the 
nitrate had been absorbed from the medium by the 
time growth ceased. This difference in the utilization 
of nitrate by the cells was probably the most im- 
portant factor in determining the differences in the 
cell concentrations at the time of maximum growth. 
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determinations. The histidine contents, however, 
increased steadily to a value in culture D more than 
1-5 times that in culture A; smaller increases in the 
percentages of alanine and lysine similarly occurred. 
In addition, ageing of the cultures was marked by a 
decrease of one-fifth in the arginine values, and a 
slight fall in the amide N figures. 

The fact that the amino-acid compositions of the 
bulk proteins of Chlorella remained virtually un- 
changed with increasing age cannot be regarded as 
proof that the relative amounts of the individual 
proteins present within the cells was unaltered. 


Table 3. The amino-acid compositions of bulk protein fractions isolated from cultures 
of Chlorella vulgaris during different phases of growth 


(Figures in brackets are standard deviations.) 








Culture... a A B Cc D 

Age of culture (days) ee 5 8-8 21 35 

Cell count (per cu.mm.) 2700 34 800 68 000 40 000 

g. amino-acid N, [100 ¢. protein N 
er - > a 7 a ~~ 
Aspartic acid 6-0 (0-3) 5-7 (0-4) 6-5 (0- 1) 6-0 (0-3) 
Glutamic acid 7-9 (0-5) 6-9 (0-3) 7-5 (0-2) 7-8 (0-4) 
Serine 3-4 (0-2) 3-0 (0-2) 2-9 (0 2) 3-6 (0-1) 
Threonine 3-0 (0-2) 3-5 (0-2) 3-5 (0-2) 2-7 (0-2) 
Glycine 6-3 (0-1) 5-9 (0-4) 5:8 ‘o 3) 5-7 (0-3) 
Alanine 7-9 (0-2) 8-8 (0-3) 9-0 (0-4) 9-2 (0-3) 
Valine 5-6 (0-3) 5-2 (0-3) 5-4 (0-3) 5-9 (0-1) 
Leucine 6-1 (0-1) 5-6 (0-4) 5-6 (0-4) 6-0 (0-2) 
Isoleucine 3-1 (0-1) 3-4 (0-2 3-2 (0-2 3-5 (0-2) 
Phenylalanine 2-3 (0-1) 2-3 (0-1) 2-3 (0-J) 2-2 (0-1) 
Tyrosine 2-6 (0-1) 2-6 (0-1) 2-8 (0-1) 2-7 (0-1) 
Proline 4-6 (0-2 4-6 (0-3) 4-5 (0-2) 4-7 (0-2) 
Tryptophan 2-1 2-1 2-0 1-8 
Methionine 1-4 (0-1) 1-4 (0-1) 1-3 (0-1) 1-2 (0-1) 
Cystine 0-15 0-2 0-2 0-2 
Arginine 17-8 (1-0) 16-0 (0-7) 16-6 (1-1) 14-0 (1-0) 
eas (3-6 (0-1 4-1 (0-3 4-9 (0-2 6-0 (0-3) 

Mintidine (3-5 = 3-6 48 52+ 
Lysine 8-3 (0-4) 8-3 (0-3) 8-9 (0-4) 9-1 (0-3) 
Amide N 6-4 6-8 6-1 5:8 
Total N 98-6 96-2 99-0 97-7 


* Chromatographic values. 


According to current theories, an absence of 
manganese from plant tissues results in a number of 
abnormalities, one of which is an impaired efficiency 
of nitrate reduction. It is therefore possible that in 
the earlier experiments, where no trace elements 
were added to the culture medium, the incomplete 
utilization of nitrate may have been due to a de- 
ficiency of manganese within the cells. 

The analyses presented in Table 3 show good 
agreement with those published earlier (Fowden, 
1951 a) for the protein extracted from Chlorella cells 
during the exponential growth phase, although the 
proline value then reported is now considered to 
have been overestimated. Table 3 also shows that 
there was little change in the composition of the 
bulk protein with the age of the various cultures, the 
percentages of most amino-acids remaining con- 
stant within the limits of the probable errors of the 


+ Modified Pauly values. 


Changes may have occurred in the concentrations of 
proteins of similar amino-acid composition, whilst 
the possibility of a more general change in the 
protein balance within the cells cannot be com- 
pletely overlooked. The increasing histidine con- 
tents may then be interpreted as arising from 
a synthesis of one or more proteins relatively 
rich in this amino-acid during the later stages of 
growth. 

The investigations have so far studied only the 
amino-acids bound in the form of protein, which 
accounts for about 85 % of the total cell nitrogen. 
Whether the age of the culture has any more marked 
effect on the concentrations of the soluble nitro- 
genous compounds, particularly the free amino- 
acids and peptides within the cells, awaits further 
investigation. 

Several papers have already been mentioned in 
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which Chlorella has been envisaged as a possible 
source of dietary protein. When the results in 
Table 3 are examined from this angle, it is evident 
that the quality of the protein is nearly independent 
of culture age. Thus harvesting of the cells could be 
arranged at a time which from an industrial view- 
point would be most economical. The ten ‘essential’ 
amino-acids of Rose account for 53% of the total 
protein nitrogen, or 50% of the total weight of all 
amino-acids released during protein hydrolysis. 
Therefore, although the content of cystine is 
low, the remaining essential amino-acids are 
present in Chlorella protein in proportions com- 
paring very favourably with those for other plant 
proteins. 


SUMMARY 


1. The unicellular alga Chlorella vulgaris was 
grown in pure culture. The utilization by the cells of 
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NH,-N and NO;-N supplied in the medium was 
examined, growth being observed to continue until 
the supplies of nitrogen became exhausted. 

2. Bulk protein samples representative of the 
whole cell proteins were isolated from cultures of 
different ages, and their amino-acid compositions 
determined by a paper-chromatographic technique. 
It was found that culture age had little effect on the 
protein composition except for a significant increase 
in the histidine contents with increasing age of the 
cells, and slight changes in alanine, lysine, arginine 
and amide N contents. 

3. The ‘essential’ amino-acids accounted for 50% 
by weight of the total amino-acids released during 
hydrolysis of the proteins, although the cystine 
contents were uniformly low. 

My thanks are due to Mr P. J. Syrett for providing 
actively growing cultures of Chlorella vulgaris, and to 
Prof. W. H. Pearsall, F.R.S., for his interest in this work. 
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The Biosynthesis of L-Cystine and L-Methionine Labelled 
with Radioactive Sulphur (*°S) 


By R. B. WILLIAMS anp R. M. C. DAWSON 
Neuropsychiatric Research Centre, Whitchurch Hospital, Cardiff 


(Received 20 February 1952) 


The sulphur-containing amino-acids labelled with 
radioactive sulphur (*5S) are usually administered in 
biological experiments as a racemic mixture of their 
optical isomers. As the metabolism of L-amino-acids 
in animals generally differs from that of the p forms 
(Neuberger, 1948; Graham et al. 1950; Camien, 
Malin & Dunn, 1951), it may be desirable in certain 
experiments to use the labelled amino-acids as their 
naturally occurring isomers. The chemical synthesis 
of cystine or methionine from labelled sulphate ions 
followed by the resolution of the isomers is a some- 


what tedious procedure and a biological synthesis 
may be preferred. 

During the growth of baker’s yeast, inorganic 
sulphate is easily assimilated and is a better sulphur 
source than organically combined sulphur (Sugata 
& Koch, 1935; Schultz & McManus, 1950). It 
seemed likely therefore that the proteins of yeast 
grown in a medium containing labelled sulphate 
ions would serve as a cdnvenient source for the 
isolation of labelled L-cystine and ~-methionine. 
This paper gives details of the preparation of these 
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labelled amino-acids from the proteins of yeast 

own in a radioactive medium. Glutathione 
labelled with radioactive sulphur has also been pre- 
pared from a similar yeast preparation, but as the 
method followed closely one published during this 
investigation (Woodward, 1951) no description will 
be given. 


METHODS AND RESULTS 
Growth of yeast and preparation of crude yeast protein 


Baker’s yeast (Saccharomyces cerevisiae) was grown in a 
synthetic medium similar to that used by Olsen & Johnson 
(1949). 1 1. of the medium contained the following: glucose, 
20 g.; (NH,),HPO,, 3-5 g.; KH,PO,, 0-2 g.; MgSO,.7H,0, 
0-25 g.; sodium citrate, 1-0 g.; L-asparagine monohydrate, 
25g.; biotin, 10yug.; calcium pantothenate, 0-5 mg.; 
inositol, 10 mg.; thiamine, 6 mg.; pyridoxin, 1 mg.; Zn** 
(acetate), 400 ug.; Fe*** (chloride), 150 wg.; Cu** (chloride), 
25 pg. 

The medium was adjusted to pH 5 with H,PO, and 
warmed to 30°. Radioactive sulphur (1 mce./l. as carrier-free 
§0,2-) was then added. Sterilization of the medium was 
found to be unnecessary if it was inoculated immediately 
after preparation with 10 mg. of pressed baker’s yeast/l. 
(Distillers Co. Ltd.). 

It was convenient to grow the yeast in a Winchester 
quart bottle containing 21. of the medium. This was incu- 
bated for 40 hr. at 30° and during the incubation a vigorous 
stream of air (1-5-2 1./min.) was drawn through the medium. 
The air was previously passed through water at 30° to mini- 
mize evaporation of the medium. At the end of the incuba- 
tion period the yeast was centrifuged, dehydrated with 
ethanol and refluxed for 30 min. with light petroleum to 
remove lipid material. The residue was filtered and washed 
once with ether. The yieid of crude protein residue was con- 
sistently between 3-0 and 3-5 g./l. medium. After drying at 
60-70° the residue was dust-like and was easily disturbed by 
slight air currents. The dry weight was therefore taken in a 
small flask (250 ml.) into which the still ether-damp residue 
was placed. The next stage of the isolation was carried out in 
this flask, thus avoiding pollution of the air with radioactive 
dust. 


Preparation of radioactive L-cystine 

Initial experiments showed, in agreement with 
Csonka (1935), that during the hydrolysis of yeast 
protein with hydrochloric acid there occurred con- 
siderable destruction of cystine. An attempt to 
block the breakdown of the liberated labelled 1- 
cystine was made by conducting the hydrolysis in 
the presence of added t-cystine, but it was found 
that the recovery of cystine from the hydrolysate 
was low. 

Bailey (1937) has obtained evidence that the 
destruction of cystine during the hydrolysis of plant 
proteins is associated with the presence of pentoses; 
these are presumably converted into furfural which 
then condenses with the amino-acids. As yeast 
protein is known to contain a considerable quantity 
of pentoses combined in nucleoproteins, the protein 
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residue was extracted with hot trichloroacetic acid 
solution before the hydrolysis with hydrochloric 
acid. Schneider (1945) has shown that hot tri- 
chloroacetic acid solution quantitatively extracts 
the nucleic acids from animal tissues. This extrac- 
tion of the yeast protein residue coupled with the 
addition of L-cystine enabled a satisfactory yield of 
labelled L-cystine to be obtained. 


The lipid-free yeast residue from 21. of medium was ex- 
tracted with 70 ml. of 5 % (w/v) trichloroacetic acid solution 
for 15 min. at 90°, centrifuged, and washed once with cold 
5% trichloroacetic acid solution. The damp residue was 
hydrolysed with 50 ml. boiling 5n-HCl in the presence of 
L-cystine (50 mg./g. yeast residue) which had been re- 
crystallized from commercial samples. The time of hydro- 
lysis was kept short (5-5 hr.), as experiments showed that the 
specific activity of the product was no higher after a longer 
hydrolysis, which at the same time would increase the 
degree of racemization (Hoffman & Gortner, 1922) and 
homocystine formation (Butz & Du Vigneaud, 1932). The 
hydrolysis was conducted in a fume chamber to remove any 
volatile sulphur compounds which might be released during 
the reaction (Grossfeld & Young-Yen, 1941). The hydro- 
lysate was filtered from acid-insoluble humin and the filtrate 
boiled for a few min. with 200 mg. of activated charcoal 
(calcium phosphate-free). After removal of the charcoal the 
light-brown solution was evaporated to a viscous residue 
under reduced pressure. The residue was taken up in 50 ml. 
water and adjusted to pH 4-5 with 10N-NaOH solution. 
After standing for 24 hr. at 5° the crude cystine was filtered 
off and washed with water. The crude cystine was sus- 
pended in 60 ml. of warm water and HCl added until it had 
just dissolved. This solution was boiled with 40 mg. of 
activated charcoal until colourless, filtered and the cold 
filtrate adjusted to pH 4-5 with a saturated aqueous solution 
of sodium acetate. After standing 2 hr. at 0° the precipi- 
tated cystine was filtered off and re-precipitated from acid 
solution using NH, to neutralize the solution. Yield: 
approximately 50% based on the added L-cystine. 

The t-cystine isolated as described consisted of the typical 
irregular and hexagonal plates of the precipitated com- 
pound. It gave a correct analysis for N and S, and [«]?”* in 
a typical experiment was -210-7° in N-HCl and did not 
change on recrystallization. The product was free from 
tyrosine when examined by chromatography and by the 
method of Arnow (1937). 

The cystine had a counting rate of approximately 
3 x 10? counts/min./m-mole when measured under a mica- 
window Geiger-Miiller counting tube (mica, 1-7 mg. sq.cm.). 
The absence of traces of sulphur-containing contaminants 
of a high specific activity was demonstrated by the following 
observations. On twice precipitating at the isoelectric point 
and then crystallizing from a 50% (v/v) ethanol-water 
mixture, the specific activity of the cystine was unchanged. 
On conversion of the product to dibenzoylcystine, m.p. 
180° (Gortner & Hoffman, 1921), the specific activity of the 
sulphur remained constant. Similarly, when thiazolidine-4- 
carboxylic acid, m.p. 196°, was prepared from the cystine 
(Rachelle, Reed, Kidwai, Ferger & Du Vigneaud, 1950) no 
change in the specific activity of the sulphur was observed. 
The cystine obeyed the constant-solubility test of Gutmann 
& Wood (1949) for the detection of radioactive impurities 
using water as the test solvent. 
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The absence of labelled homocystine from the product was 
tested for by dissolving excess pL-homocystine in a HCl 
solution of the product and precipitating the homocystine at 
pH5-5. After thirteen such precipitations the specific 
activity of the homocystine was low enough to indicate that 
even if it were uncontaminated with cystine, less than 0-1% 
of the radioactivity of the cystine sample could be in the 
form of homocystine. 


Isolation of labelled methionine 


Radioactive methionine was isolated from the 
mother liquor of the cystine precipitation after the 
addition of L-methionine. Preliminary experiments 
showed that it was not advantageous to add the 
methionine before the hydrolysis of the yeast 
protein, nor was the specific activity of the isolated 
methionine increased by prolonging the hydrolysis 
to 18hr. In an initial series of experiments the 
methionine was isolated from the hydrolysate by 
the method of Hill & Robson (1934), using their 
mercuric acetate reagent to precipitate the methio- 
nine directly from the hydrolysate. It was found 
that the product always contained traces of cystine 
and that this contamination was extremely difficult 
to prevent. Preliminary removal of the cystine from 
the hydrolysate by precipitation with cuprous oxide 
removed large quantities of the active methionine 
even after the hydrolysate had been boiled with 
zine dust previous to the precipitation (see, Bailey, 
Chibnall, Rees & Williams, 1943; Beveridge & 
Lucas, 1944). An attempt was made to remove the 
cystine from a sulphuric acid hydrolysate with 
mercuric sulphate, but the subsequently isolated 
methionine was still impure, showing that the 
cystine precipitation was incomplete, although the 
reagent appears to precipitate cystine nearly 
quantitatively from a pure solution (Lavine, 1937). 
It became necessary, therefore, to prevent radio- 
active contamination by reducing the specific 
activity of the cystine remaining in the hydrolysate 
to negligible proportions by the addition of cystine 
before isolating the methionine (Williams & 
Dawson, 1952). 

It was then found that when the method of Pirie 
(1932) was used for the isolation of the methionine 
the product was free from detectable amounts of 
cystine. Although in this method the precipitate 
formed with mercuric acetate is extracted with hot 
baryta the resulting racemization of the L-methio- 
nine appears to be very small. In the original 
method for the isolation of methionine from casein 
(Mueller, 1923) which involves several similar 


extractions with hot baryta, the product had a 
specific optical rotation very close to the correct 
value for ~-methionine. The butanol extraction 
of the methionine from the hydrolysate used in 
Pirie’s method probably leaves a considerable 
portion of the cystine in the acid layer (Hess & 


R. B. WILLIAMS AND R. M. C. DAWSON 





1952 


Sullivan, 1935). Moreover, the removal of barium 
ions with sulphuric acid during the methionine 
isolation would remove cystine possibly as a double 
salt with barium sulphate (Chibnall, Rees & 
Williams, 1943). 


The mother liquor from the cystine precipitation was 
acidified with 5 ml. conc. HCl, and evaporated under re. 
duced pressure to a viscous residue. The hydrochlorides of 
the amino-acids were dissolved in ethanol, and the solution 
was filtered from a residue of salt. The filtrate was evapor- 
ated in vacuo and the residue re-dissolved in 50 ml. of 
0-7N-HCl. L-Methionine (Nutritional Biochemicals Corp.: 
Cleveland) was added; 100 mg./g. of yeast protein residue 
hydrolysed. The method of isolation then followed closely 
the procedure of Pirie (1932), with a number of minor modi- 
fications. The hydrolysate was extracted with 200 ml. 
n-butanol which had previously been saturated with 
aqueous N-HCl. After a double extraction with aqueous 
NaOH solution as described by Pirie (1932), the combined 
alkaline extracts were adjusted to pH 5 with HCl and 
evaporated under reduced pressure until free of butanol. 
Water was added to 250 ml. and saturated mercuric acetate 
in 3% (v/v) aqueous acetic acid was added until no 
further precipitation occurred. The precipitate was centri- 
fuged and washed once with water, suspended in 50 ml. of 
water and added to 200 ml. of boiling 0-33N-Ba(OH),. The 
mixture was filtered hot, and the residue again extracted 
with 200 ml. of boiling 0-14N-Ba(OH),. The combined 
baryta extracts were freed from Ba ions with H,SO, and the 
solution evaporated to dryness under reduced pressure. The 
residue was taken up in 10 ml. of hot water, and the methio- 
nine precipitated by the addition of a boiling solution of 5 g. 
HgCl, in 60 ml. water. After boiling for a few minutes the 
mixture was cooled, and stored at 0° for 2 hr. when the 
supernatant was decanted from the putty-like mercury 
complex. The latter was kneaded with a small quantity of 
ice-cold water, and then transferred to about 70 ml. warm 
water and decomposed with H,S. The HgS was removed and 
thoroughly extracted with boiling water. The combined 
filtrate and washings were re-filtered and evaporated to 
dryness under reduced pressure. The residue was taken up in 
5 ml. of ethanol and the methionine precipitated by adjust- 
ing to pH 5 with pyridine and standing at 0°. The precipi- 
tate was dissolved in 2 ml. of hot water, filtered and crystal- 
lized by adding 7 ml. of ethanol. Yield: approximately 30% 
of the added L-methionine, as shining plates giving a correct 
analysis for N and 8. 

Two-dimensional paper chromatography failed to reveal 
the presence of other amino-acids. The counting rate with 
the counter previously described was approximately 
2x10’ counts/min./m-mole. The specific activity of the 
methionine did not change on recrystallizing twice from 
80% (v/v) ethanol. The specific activity of the sulphur 
remained constant on conversion of the methionine into the 
a-naphthyl isocyanate derivative, m.p. 187—188° (Mueller, 
1923), this being recrystallized from ethanol-water. The 
absence of cystine in the methionine was shown by running 
0-2 mg. of it on a one-dimensional paper chromatogram 
using a water-saturated phenol solvent, after which the 
dried chromatogram was sprayed with ninhydrin solution. 
The methionine was initially oxidized with H,O, according 
to the method of Dent (1948). It was observed that when 
this amount of methionine was treated on the paper with 
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H,0, for a prolonged period, oxidation to the sulphone was 
far from quantitative. Even when ammonium molybdate 
was also present during the oxidation, two main spots could 
always be seen on the chromatogram. Moreover, it was 
found that pure samples of synthetic methionine on 
chromatography gave a faint ninhydrin spot with a small 
Ry value indistinguishable from homocysteic acid. It is 
assumed that during the oxidation of methionine with H,O, 
a small portion is demethylated and oxidized to homo- 
cysteic acid. No cysteic acid spot could be observed on the 
chromatogram of the labelled t-methionine (<0-5% 
cystine). The absence of homocystine from the product was 
shown by adding pt-homocystine to a sample of the methio- 
nine dissolved in dilute HCl and isolating the homocystine 
at the isoelectric point. After purification the homocystine 
was found to have negligible radioactivity (<0-2%). 


DISCUSSION 


The requirements of a satisfactory method for the 
preparation of a labelled amino-acid are that 
the procedure should be reasonably simple, the 
starting materials easily obtained, the product of a 
sufficiently high specific activity and free from 
impurities either inactive or active. The preparation 
may need to be repeated several times during an 
investigation especially when the tracer used 
decays relatively quickly. The methods described 
in this paper for the preparation of *°S-labelled L- 
cystine and L-methionine have proved in practice 
to be very suitable for the intermittent preparation 
of these amino-acids. They require only apparatus 
and materials normally found in a small biological 
laboratory. During a series of preparations the 
unused radioactive sulphate ions in the culture 
medium can be recovered by precipitation with 
barium. The barium sulphate is then fused with eight 
equivalents of potassium carbonate which quanti- 
tatively converts it into potassium sulphate. The 
fusion mass is then extracted with water and the 
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filtered extract, after neutralization with phos- 
phoric acid, is added to the next culture medium 
which is adjusted accordingly. 

Yeast was found to grow well in a medium 25 
times more radioactive than the one described in the 
present series of experiments, with no diminution in 
the yield of crude yeast protein. The activity of the 
medium could probably be increased considerably 
further before the f-radiation affected the growth of 
the yeast cells. 

Although Pirie’s (1932) method for the isolation of 
methionine was better than that of Hill & Robson 
(1934) in that it gave a product free from detectable 
amounts of cystine it suffers from the disadvantage 
that a very small racemization of the amino-acid 
may occur during the isolation. In the intact 
animal and in isolated tissue preparations, methio- 
nine can be rapidly converted into cystine (Tarver 
& Schmidt, 1939; Melchior & Tarver, 1947), so that 
in animal experiments a trace of cystine in labelled 
methionine is not likely to be of great significance. 


SUMMARY 


1. A simple biosynthetic method is described for 
preparing L-cystine and t-methionine labelled with 
radioactive sulphur (#58). 

2. Baker’s yeast was grown in a synthetic 
medium containing labelled sulphate ions, and the 
amino-acids were isolated from the yeast proteins. 

3. The amino-acids isolated had high specific 
activities. 

4. No impurities, either inactive or radioactive, 
were detected in the isolated products. 

The authors are very grateful to Dr D. Richter for his 


continued interest in this work, and thank the Rockefeller 
Foundation and University of London for apparatus grants. 
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The Direct Isolation of Arginine and Lysine Picrates 
from Gelatin Hydrolysates 
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Strand, London, W.C. 2 


(Received 1 April 1952) 


The original process of Kossel & Kutscher (1900) of 
isolating arginine and lysine as their respective 
silver and picric acid salts from the phosphotungstic 
acid precipitates of protein hydrolysates is costly 
and tedious. These disadvantages are not entirely 
overcome by the electrodialysis method of Foster & 
Schmidt (1926). The direct preparation of arginine 
by the flavianic acid method (Kossel & Gross, 1924) 
and of lysine as picrate (Rice, 1939) yields products 
which require further purification (cf. Cox, 1928; 
Vickery, 1940; Heathcote, 1949). 

In the method now described for the isolation of 
arginine and lysine, use has been made of the low 
solubilities of their picrates in water, arginine 
picrate about 0-5 g./100 ml. at 16° (Abderhalden, 
1911) and lysine picrate about 0-54 g./100 ml. at 21° 
(Lawrow, 1899). The pH of a saturated aqueous 
solution of the former picrate, determined electro- 
metrically at room temperature, is between 6-5 and 
6-8, and of the latter between 5-0 and 5-4. When a 
quantity of picric acid, equivalent to the arginine 
present, was added to a concentrated gelatin 
hydrolysate (pH 8), previously freed from the sul- 
phuric acid used for hydrolysis, no precipitate was 
formed even when the mixture was kept at 0° for 
several days. Adjustment of the pH of the mixture, 
now approximately 5-0, to 6-5—7-0 by the addition of 
ammonium hydroxide led, on rubbing the sides of 
the vessel with a glass rod, to the separation of the 
typical long bright thread-like crystals of arginine 
picrate. After a few hours the mixture was semi- 
solid. Collected at the pump and washed with ice- 
cold water, the compound, on recrystallization from 
boiling water, yielded a product of excellené melting 
point and free from histidine, lysine and ammonia. 
Decomposition of the picrate so obtained was 
easily effected by hot hydrochloric acid. From the 
picric acid-free solution arginine monohydro- 


chloride has been obtained in amounts correspond- 
ing to 90% of the total amino-acid present in 
gelatin. 

The further addition of picric acid to the solution 
from which the arginine picrate was removed, 


followed by the adjustment of the pH of the mixture 
to 5, led to the separation of lysine picrate in 
amounts corresponding to approximately 60% of 
the theory. 


EXPERIMENTAL 


Gelatin ‘Spa’ (600 g.; N, 17-17; moisture, 128%) was 
added to 2-51. of 8N-H,SO, and the protein brought com- 
pletely into solution by heating. When the protein had 
dissolved the mixture was refluxed for 30 hr. The acid 
hydrolysate was diluted with twice its own volume of water 
and neutralized to litmus with a suspension of Ca(OH), in 
water. The CaSO, precipitate, which settled quickly, was 
removed at the pump, extracted twice with boiling water 
and the mixture again filtered. The filtrate and washings 
were combined and any SO, ions remaining in solution 
removed with Ba(OH),. Ca ions, still in solution, were 
removed with exalic acid; the small precipitate in each case 
being collected and washed on the filter with boiling water. 
The hydrolysate freed from oxalate, SO,, Ca and Ba ions 
had a pH about 8. It was then concentrated in vacuo to 21. 

Isolation of arginine picrate. An estimation by the colori- 
metric procedure of Brand & Kassell (1942) showed that the 
solution contained approximately 44 g. of arginine. Solid 
picric acid (64 g., 10% in excess of the amount actually 
required to combine with all the arginine present) having 
been added, the mixture was heated with stirring until all 
the reagent was dissolved. The solution was cooled to room 
temperature and concentrated ammonia added with stirring 
until the pH was between 6-5 and 7. The solution became 
slightly turbid due to the precipitation of some ammonium 
picrate. After re-solution of these crystals, by heating, the 
mixture was cooled to room temperature under the tap. 
Long yellow needles soon commenced to form, first at the 
surface, and spread throughout the solution, until after 
about 1 hr. the whole solution had turned to a semi-solid 
mass of crystals. After 12 hr. at 0° the picrate was collected 
at the pump, sucked dry and then washed thrice with 
100 ml. of ice-cold water. The product was then recrystal- 
lized from about 500 ml. of boiling water. After chilling the 
solution for 12 hr., the arginine picrate was again collected, 
washed first with a little ice-cold water, then with absolute 
ethanol and finally dried in the oven at 110° for several 
hours. The mother liquor from the recrystallized product 
and the washings were addetl to the original filtrate which 
was treated as shown below for the isolation of lysine picrate. 
The yield of recrystallized arginine picrate was 95 g., m.p. 
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217-218° (Vickery & Leavenworth, 1927). The product gave 
a negative Pauly reaction for histidine. 

Arginine picrate contains 2 mol. of water of crystalliza- 
tion, which are lost at 110°. (Found: water of crystalliza- 
tion, 8-21. Cale. for C,H,,0,.N,.C,H,0,N,.2H,O, 8-20%. 
Found: C, 35-9; H, 4:1; N, 23-4. Cale. for C,H,,0,N,. 
C,H,0,N;: C, 35-73; H, 4-21; N, 24-29%.) 

Preparation of arginine monohydrochloride. The arginine 
picrate was decomposed by hot HCl. The picric acid was 
removed from the mixture by extracting three times with 
hot benzene. The resulting solution was concentrated in 
vacuo to a thick syrup. This was taken up in hot ethanol and 
concentrated ammonia added drop by drop with stirring 
until the arginine monohydrochloride started to crystallize. 
After 12 hr. in the ice box the product was collected and 
recrystallized by dissolving it in the minimum amount of 
hot water and precipitating it with ethanol. The recrystal- 
lized arginine monohydrochloride melted at 216-217° 
(Cox, 1928). 

Isolation of lysine picrate. The solution remaining after the 
removal of arginine picrate was acidified with H,SO, and 
shaken with hot benzene to remove the picric acid. Ca(OH), 
in slight excess of the H,SO, present was added, the CaSO, 
removed, washed and the free ammonia removed by partial 
concentration of the filtrate in vacuo. SO, and Ca ions were 
exactly removed in the manner previously described, and the 
solution was concentrated in vacuo to about 500 ml. and 
allowed to stand overnight in the refrigerator. The mono- 
amino-acids which had separated were removed and washed 
several times with ice-cold water; the combined filtrate and 
washings had a volume of about 800 ml. This was treated 
with 48 g. of picric acid, heated until all the solid had dis- 
solved and then cooled. The pH of the mixture was ad- 
justed to 5 by the addition of 40% (w/v) NaOH. After 
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48 hr. in the refrigerator the mixture was filtered, the pre- 
cipitated picrate collected, washed twice with ice-cold water, 
and recrystallized from boiling water. The picrate was 
collected, washed with a little water, then with ethanol and 
finally dried in the oven at 110°. The dried product weighed 
32g. and when heated decomposed at 261° with the 
characteristic explosion of pure lysine picrate. 

Preparation of lysine monohydrochloride. According to 
the usual procedure the picrate was decomposed with hot 
HCl, the picric acid extracted with benzene, and the re- 
sulting solution concentrated in vacuo to a syrup. This was 
dissolved in the minimum amount of hot ethanol and 
pyridine was added gradually until the lysine monohydro- 
chloride commenced to separate. The crude product was 
recrystallized from aqueous ethanol. The monohydro- 
chloride had a melting point of 258-261° which was not 
depressed on admixture with an authentic specimen 
(Rice, 1949). 


SUMMARY 


1. Procedures for the isolation of arginine 
picrate and lysine picrate from gelatin hydrolysates 
are described. These picrates form convenient 
sources for the preparation of arginine mono- 
hydrochloride and lysine monohydrochloride in 
good yield and purity. 

2. The method possesses advantages over the 
flavianic acid method in that it is economical in time 
and reagents. Picric acid is cheap, is used only in 
approximately stoicheiometric proportions and, 
finally, is much easier to recover than flavianic 
acid. 


REFERENCES 


Abderhalden, E. (1911). Biochem. Handlexikon, 4, 631. 

Brand, E. & Kassell, B. (1942). J. biol. Chem. 145, 359. 

Cox, C. J. (1928). J. biol. Chem. 78, 475. 

Foster, G. L. & Schmidt, C. L. A. (1926). J. Amer. chem. Soc. 
48, 1709. 

Heathcote, J. G. (1949). Thesis, University of London. 

Kossel, A. & Gross, R. E. (1924). Hoppe-Seyl. Z. 135, 167. 


Kossel, A. & Kutscher, F. (1900). Hoppe-Seyl. Z. 31, 165. 

Lawrow, D. (1899). Hoppe-Seyl. Z. 28, 388. 

Rice, E. E. (1939). J. biol. Chem. 131, 1. 

Rice, E. E. (1949). Biochem. Prep. 1, 63. 

Vickery, H. B. (1940). J. biol. Chem. 132, 325. 

Vickery, H. B. & Leavenworth, C. 8. (1927). J. biol. Chem. 
72, 403. 











1952 


Effect of Choline Deficiency on the Fatty Acids 
of Liver and Body Lipids in the Rat 


By C. SIVA RAMAN 
National Chemical Laboratory of India, Poona 


(Received 16 April 1952) 


Changes in the nature and amounts of tissue lipids 
are of special significance in elucidating the 
mechanism by which choline prevents liver-fat 
deposition. Numerous investigations have been 
concerned mainly with changes in the relative pro- 
portions of the various lipid fractions. Liver-fat 
accumulation during choline deficiency in the rat is 
characterized almost exclusively by an increase in 
glycerides with a proportionate rise in cholesterol 
content, mostly in the form of cholesteryl esters 
(Best, Lucas, Patterson & Ridout, 1946). The total 
phospholipin content of the liver is generally not 
altered, although a decrease in the proportion of 
choline-containing phospholipins has been ob- 
served by several authors (Stetten & Grail, 1942; 
Artom & Fishman, 1943; Fishman & Artom, 1944, 
1946; Campbell, Olley & Blewett, 1949). 


animals. The saturated acids of carcass lipids, like 
the solid acids of liver glycerides, were influenced by 
the composition of the dietary fat. There was no 
apparent relationship between the total fatty acid 
content of the carcasses and the percentage of lipids 
in the livers. 

The present paper deals with the effect of choline 
on the amount and nature of the fatty acids of the 
phospholipin and glyceride fractions of liver and 
carcass of rats maintained on diets free from un- 
saturated fatty acids. In the light of current views 
on the function of choline it appeared probable that 
the exclusion of unsaturated acids would give a 
clearer indication of the changes taking place in 
choline deficiency. With the object of studying the 
effect of choline under conditions wherein fat deposi- 
tion is due on the one hand to assimilation from 


Table 1. Percentage composition of basal diets 


Fully 
saturated 
Diet Casein* glycerides 
High-fat 5 30 
Fat-free 5 0 


Saltt 
Glucose Cellulose+ mixture 
6] 0 4 
89 2 4 


* Light white (British Drug Houses Ltd.) extracted with ethanol. 
+ Prepared from filter paper (Whatman no. 1) pulp. 
t Steenbock-Nelson salts 40 (Steenbock & Nelson, 1923). 


Much less attention has been given to the study of 
variations in the nature of the fatty acids of liver 
lipids. Channon & Wilkinson (1936) investigated 
the effect of the chemical nature of food fat on the 
nature of the fatty acids deposited in the liver of 
rats when various fats were fed for 2 weeks at a 40% 
level with a choline-deficient, 5% casein diet. The 
total liver lipids were fractionated into phospho- 
lipins and glycerides and the fatty acids of each 
fraction separated into solid and liquid acids by the 
Twitchell (1921) procedure. The results indicated 
that in the glyceride fraction the proportion and 
mean molecular weights of the solid and liquid acids 
and the iodine numbers of the liquid acids were in- 
fluenced by the nature of the food fats, while in the 
phospholipins only the molecular weights of the 
fatty acids varied with the type of dietary fat. 
Channon, Jenkins & Smith (1937) also investigated 
in detail the total carcass fatty acids in these 


dietary fat and on the other to synthesis from carbo- 
hydrate, two different basal diets were used, one 
containing 30 % of fully saturated glycerides, while 
the other was fat-free. 


EXPERIMENTAL 


The choline-free basal diets were made up as shown in 
Table 1. 

The fully saturated glycerides (iodine value, 1.v., 0) used 
in the diets were prepared from buffalo depot fat. The fat 
(after removal of free fatty acids) was dissolved in lots of 
500 g. in acetone (5 ml./g. fat), left overnight at room 
temperature (approximately 30°) and the separated fat 
obtained by filtration. The insoluble portion was redissolved 
in acetone (3 ml./g. fat) and left overnight at room temper- 
ature. The treatment resulted in the deposition of a crop of 
about 150g. with 1.v. of about 13. The final crystalline 
fraction was oxidized in batches of 100 g. for preparation of 
fully saturated glycerides according to the method of 
Hilditch & Lea (1927) and the neutral, completely saturated 
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glycerides separated from the acidic oxidation products. 
The preliminary crystallizations from acetone ensured 
complete oxidation in one operation. 

Young albino rats weighing 110-150 g. were placed in 
individual cages over wide-mesh screening in groups of 
eight, animals of the same sex being distributed evenly 
between the groups. Each animal received in addition to 
the basal diets described above, the following vitamin 
supplements: thiamine hydrochloride, 25 yg.; riboflavin, 
20ug.; pyridoxine hydrochloride, 25yg.; nicotinic acid, 
100 ng.; vitamin A, approximately 150 i.u. and vitamin D, 
approximately 25 i.u. The water-soluble vitamins were fed 
by tube. Vitamins A and D were prepared as a fat-free 
concentrate by saponification and ether extraction of a 
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matter by precipitation with acetone and MgCl, (Sinclair, 
1930). Portions of the various extracts corresponding to a 
total of about 200 mg. phospholipin fatty acids (approxi- 
mately 12 g. liver and 35 g. of carcass) were mixed and taken 
to dryness at 40-45° under reduced pressure in an atmo- 
sphere of N,. The residue was extracted with ether (about 
60 ml. with washings) and poured into 420 ml. acetone. To 
facilitate complete precipitation of the phospholipins, a 
saturated solution of MgCl,.6H,O in ethanol (2 ml.) was 
added with stirring. After centrifuging for 5 min. at low 
speed the supernatant acetone-ether was poured out, the 
precipitate stirred with 100 ml. of fresh acetone, centrifuged 
again for 1 min. and the extracts combined. The residue was 
stirred into 40 ml. ether and the phospholipin fraction re- 


Table 2. Average food intakes and weight records 


High-fat diet 


Fat-free diet 


AQ 





és —— mn e ae 
Basal Basal + choline Basal Basal + choline 
Average initial body weight (g.) 115 116 141 141 
Average final body weight (g.) 99 106 137 140 
Average food intake (g./rat/day) 5 5 7 7 
4:07 2-93 3°37 2-99 


Liver (average % body weight) 


Table 3. Characteristics of liver lipids of rats 


((a) Values expressed as percentage fresh liver weight; (6) values expressed as mg./100 g. body weight.) 


High-fat diet 


Fat-free diet 








. 
Basal + choline 


‘ 
Basal + choline 








Basal Basal 
ct . \ c ‘Y c : ‘ c 77 
(2) (6) (2) (6) (a) () (a) () 
Phospholipin fatty acids 1-198 48-77 1-698 49-72 1-572 52-91 1-833 54-77 
Glyceride fatty acids 22-13 901-8 0-982 28-72 10-78 363-1 2-709 80-95 
1-227 50-00 0-146 4-27 0-514 17-32 0-356 10-65 


Unsaponifiable matter 


commercial preparation; the ether was sprayed on to the 
food and the solvent removed in vacuo. The animals on the 
choline-containing diets received in addition 23 mg. choline 
chloride, corresponding to 20 mg. of choline per rat per day. 
The diets were fed ad lib. and the daily food intakes recorded. 
After 30 days on the experimental diets the animals were 
weighed, killed by stunning and their liver and carcass lipids 
analysed. 
Analysis of liver and carcass lipids 


Extraction of liver and carcass lipids. The livers were 
removed immediately after killing, weighed and ground with 
sand under ethanol. The pooled livers from each group were 
extracted in the Soxhlet with ethanol and finally with 
CHCl,. The ethanol and CHCl, extracts were separately 
made up to volume and samples combined for analysis. 

Each carcass, after removal of the liver, was worked up 
immediately as follows: the head, tail and gastro-intestinal 
tract were removed and the remaining carcass weighed, cut 
into small pieces and stirred with about 3 vol. of hot acetone. 
The carcasses from each group were pooled, dehydrated 
further by boiling with two more lots of acetone and the 
residue extracted for 3 hr. in the Soxhlet with fresh acetone. 
The dehydrated material was then sucked dry at the pump, 
the residue ground to a powder and re-extracted in the 
Soxhlet with ethanol and the extraction completed with 
CHCI,. The solvents were separately made up to volume and 
samples from the various extracts combined for analysis. 

Separation of phospholipins. The phospholipins were 
separated from neutral fat (‘glycerides’) and unsaponifiable 
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precipitated and washed as before. To verify the complete 
absence of glycerides from the phospholipin fraction a 
sample of the phospholipins obtained as described was in 
certain cases precipitated a third time. The analysis of 
phospholipin fatty acids resulted in almost identical values 
for solid acid content whether two or three precipitations 
had been made. 

Analysis of phospholipin and glyceride fatty acids. The 
fatty acids were obtained from the phospholipin and 
glyceride fractions according to methods described by 
Sinclair (1930, 1940), the separation and liberation of the 
acids being carried out in an atmosphere of N,. Approxi- 
mately 200 mg. fatty acids from both the fractions were 
analysed by the Twitchell procedure as modified by 
Sinclair (1940), a Hirsch funnel equipped with an outer 
hot-water jacket being used, however, for filtering the 
ethanolic solutions of the lead salts as recommended by 
Horning & Eckstein (1946). 

Iodine numbers of fatty acid fractions were determined 
according to Yasuda (1931), and the mean molecular weights 
by titration with 0-05N-sodium ethoxide in ethanol (Fow- 
weather, 1926). 

RESULTS 
The food intakes and weight records of the various 
groups are set out in Table 2. 

Rats on the high-fat diets lost weight, the loss 
being more pronounced on the choline-free diet, 
whereas animals on the fat-free diets maintained 
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Table 4. Carcass lipids 


(Values expressed as percentage of carcass weight.) 


High-fat diet 
— 


Fat-free diet 








= 
Basal + choline 


Basal Basal Basal + choline 
Phospholipin fatty acids 0-4490 0-4742 0-5152 0-5344 
Glyceride fatty acids 1-517 2-793 11-87 12-77 
Unsaponifiable matter 0-526 0-513 0-581 0-564 
Table 5. Effect of diet on phospholipin fatty acids of liver and carcass 
High-fat diet Fat-free diet 
t ae TE, 
Basal Basal + choline Basal Basal + choline Stock 
LIVER 
Solid acids: 
% 44-3 31-6 38-7 30-9 33-0 
I.V. 3 4 4 2 6 
Mol.wt. 273 270 282 282 _ 
Liquid acids: 
% 55:7 68-4 61:3 69-1 67-0 
IV. 266 228 223 202 218 
Mol.wt. 338 330 326 328 _- 
CARCASS 
Solid acids: 
% 33-2 34:3 29-8 30-5 _ 
Lv. 3 6 3 5 _ 
Mol.wt. 266 270 265 265 — 
Liquid acids: 
% 66-8 65-7 70-2 69-5 _ 
L.v. 178 179 147 144 — 
Mol.wt. 341 334 320 340 — 
Table 6. Effect of diet on glyceride fatty acids of liver and carcass 
High-fat diet Fat-free diet 
Basal Basal + choline Basal, Basal + choline Stock 
LIVER 
Solid acids: 
% 29-4 28-5 28-3 24-0 24-8 
I.V. 5 8 8 6 9 
Mol.wt. 269 271 272 272 —_— 
Liquid acids: 
% 70-6 71-5 71-7 76-0 75-2 
I.V. 108 124 99 95 107 
Mol. wt. 298 295 289 291 — 
CARCASS 
Solid acids: 
% 42-7 37-6 34-1 33-8 — 
1.V. 8 6 6 7 —_ 
Mol.wt. 289 290 264 262 o 
Liquid acids: 
% 57-3 62-4 65-9 66-2 
1.V. 98 99 94 90 — 
Mol.wt. 295 290 275 278 — 


their body weights during the period of the experi- 
ment. The average food intakes of animals in all the 
groups, however, were approximately the same when 
calculated for the 100 g. rat. 

The composition of the liver lipids is shown in 
Table 3 and of the carcass lipids in Table 4. 

In animals on the high-fat diets an inverse re- 
lationship is apparent between the glyceride fatty 
acid contents of liver and carcass, choline reducing 
the glyceride content from 22-13 to 0-982 % in the 


liver and increasing it from 1-517 to 2-793 % in the 
body depots. The values indicate that under the 
experimental conditions choline is necessary for the 
normal distribution of fat between the liver and the 
body. On the fat-free diets, the glyceride acid 
content of carcass is unaffected by choline, the 
values being 11-87 % without and 12-77 % with the 
supplement. Choline has apparently no effect on 
deposition of fat in body depots when fat is derived 
from dietary carbohydrate. On both types of diet 
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choline is without influence on the amount of 
phospholipin fatty acids of liver and carcass and the 
unsaponifiable matter of carcass. 

Tables 5 and 6 record the variations in the nature 
of the fatty acids of the phospholipin and glyceride 
fractions. Values for liver fatty acids from a group of 
stock animals of approximately 100 g. body weight 
are included for comparison. 


DISCUSSION 


The results obtained are best discussed under two 
separate heads. 

Effect of choline on liver lipids. As was expected, 
choline deficiency caused excessive deposition of 
liver fat in animals on the high-fat as well as on the 
fat-free diets, the liver-fat content (total fatty 
acids + unsaponifiable matter) being 24-5 % in the 
former and 12-9% in the latter. The addition of 
choline to the diet reduced the values to 2-8 and 
49% respectively, indicating that the moderate 
liver-fat accumulation which takes place on a fat- 
free diet is possibly less susceptible to the corrective 
action of choline. 

Interesting changes were observed in the nature 
of phospholipin fatty acids of liver during choline 
deficiency. In the absence of choline the proportion of 
solid acids increased from 31-6 to 44-3 % on the high- 
fat diet and from 30-9 to 38-7 % on the fat-free diet. 
The degree of unsaturation of the liquid fatty acids of 
liver phospholipin was also influenced by dietary 
choline, the iodine number of the liquid acids being 
considerably higher in choline deficiency (Table 5). 

Although the effect of choline is most marked on 
the glyceride content of the liver it is apparent from 
the results described in Table 6 that choline does not 
have any appreciable influence on the fatty acid 
composition of liver glycerides. The percentages of 
the solid fatty acid in liver glycerides are approxi- 
mately the same in animals on high-fat diets, the 
values being 28-59% with choline and 29-4% 
without choline and only slightly different from 
each other in those on the fat-free ration, the corre- 
sponding values being 24-0 and 28-3 % respectively. 
As between the high-fat and fat-free diets, the un- 
saturation of the liquid acids of liver glycerides is 
greater on the former diet, the iodine numbers in the 
two cases being 108 and 99. Supplementation with 
choline raises the former value to 124, but appears to 
have no significant effect on the latter. 

Effect of choline on body lipids. It is of interest to 
note the high lipid content of the carcass of animals 
on the fat-free diet as compared to those on the high- 
fat ration (Table 4). This is evidently due to syn- 
thesis of fat from dietary carbohydrate as is borne 
out by the low molecular weights of the glyceride 
fatty acids (Table 6). Spadola & Ellis (1936) and 
Longenecker (1939) observed a high proportion 
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(40-45 %), of low molecular weight fatty acids, of 
the C,, series in particular, in the body fat of 
animals maintained on a low-fat, high-carbohydrate 
ration and came to the conclusion that such high 
proportions of the lower fatty acids are character- 
istic of fat synthesized from carbohydrate. The 
results obtained in the present investigation would 
indicate that choline has no role in this synthetic 
process since animals on the basal fat-free diet have 
the same high carcass-glyceride content and the 
characteristic low mean molecular weight of the 
glyceride acids as the corresponding choline- 
supplemented group. 

In contrast to the observations noted above on 
the effect of choline on the fat content and phos- 
pholipin composition of liver, choline administration 
produces little or no effect on either of the lipid 
fractions of carcass fat. 


SUMMARY 


1. The effect of choline on the fatty acids of liver 
and carcass lipids has been investigated on rats 
maintained on two different basal diets, one con- 
taining 30 % of fully saturated glycerides, the other 
being fat-free. 

2. Animals on the high-fat diets lost in body 
weight, the loss being more pronounced in the 
absence of choline. Choline effectively prevented 
fatty livers and caused a slight increase in the low 
carcass-fat content of these animals. 

3. Rats on the fat-free diets maintained their 
body weight and had a carcass-fat content markedly 
higher than animals on the high-fat diets. Fat 
accumulation in the liver in the absence of choline 
was moderate and at the same time not completely 
prevented by addition of choline. 

4. Choline had a marked effect on the nature of 
liver phospholipin fatty acids: (i) the proportion of 
solid fatty acids in phospholipin fatty acids of liver 
was considerably higher in choline deficiency both 
on the high-fat diet and fat-free ration, (ii) iodine 
numbers of the liquid acids of liver phospholipin 
were higher in the choline-deficient groups. 

5. No changes in the nature of the fatty acids of 
liver and carcass glycerides or of carcass phos- 
pholipins were noticed. In the case of the liver 
glycerides the effect of choline was apparent only on 
the content and not on the fatty acid composition. 

6. The mean molecular weights of the liquid acids 
of carcass glycerides in animals on fat-free diets 
were characteristic of body fat derived from dietary 
carbohydrate. Choline, evidently, has no role in this 
synthetic process, since animals on such diets had 
the same high carcass-glyceride content both in the 
presence and absence of choline. 

I wish to thank Prof. M. Damodaran for his interest and 
advice during this investigation. 
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The Effect of Light on Xanthine Oxidase Activity 


By S. M. SIEGEL* anp R. L. WEINTRAUB 
Chemical Corps Biological Laboratories, Frederick, Maryland, U.S.A. 


(Received 13 March 1952) 


It has been postulated, on the basis of studies of 
activation by light, that a flavin enzyme is involved 
in the indolylacetic acid oxidase system (Galston, 
1950; Galston & Baker, 1951). The only report of 
light activation of a flavin enzyme appears to be 
that of Bernheim & Dixon (1928); working with a 
crude preparation of xanthine oxidase they found 
either activation or inactivation according to the 
conditions of the particular experiment. In a later 
study of the same enzyme only an inactivating 
effect of light was observed (Toyama, 1933). It has 
seemed important, therefore, to re-investigate the 
effect of light on xanthine oxidase. 


EXPERIMENTAL 


Enzyme. Milk from which casein had been removed after 
precipitation by rennin served as the source of enzyme in the 
majority of the experiments. Ina few instances comparative 
tests were made with whole milk. 

Substrate. Xanthine or hypoxanthine was employed as 
substrate. Preliminary studies indicated that maximal 
activity was obtained with 5 x 10-°m-substrate. 

Hydrogen acceptor. Methylene blue (MB), at 1 x 10-°M, or 
nitrate, at 5 x 10-°m, was used as hydrogen acceptor. The 
measurements were carried out in 0-05 M-phosphate buffer of 
pH 8:8 in the case of MB and of pH 5-5 with nitrate. 

Measurement of enzyme activity. With MB, enzyme 
activity was measured by following spectrophotometrically 
with an Evelyn photoelectric colorimeter (620 mu. filter) the 
time course of decolorization of the dye in evacuated 
Thunberg tubes. Activity was conveniently expressed as the 
reciprocal of the time required for 25 or 50% reduction. To 
measure the rate of nitrate reduction, a series of identical 
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tubes was prepared and the nitrite determined successively 
in individual tubes, using a modification of the method of 
Parker (1949). The reaction rates were measured at 25° with 
MB and at 37° with nitrate. 

Irradiation. The solution of enzyme in buffer, with or 
without hydrogen acceptor, was irradiated in open tubes 
immersed in a water bath at 25-27°, frosted tungsten 
filament lamps serving as the sources. The tubes were illumi- 
nated from twe opposite sides and were shaken frequently. 
The non-irradiated control tubes, which were wrapped with 
aluminium foil, were manipulated concurrently in exactly 
the same way. At the highest intensities and longest ex- 
posures, the temperature of the illuminated solutions con- 
taining MBroseas muchas8° above that of the dark controls; 
tests showed that holding the enzyme solution in darkness 
at the elevated temperature did not affect its activity sub- 
sequently at 25°. 

Procedure. Immediately after irradiation the tubes were 
closed and evacuated, the zero time transmission determined, 
the substrate tipped in, and readings commenced. 


RESULTS 


Light was found to influence the activity of xanthine 
oxidase only if an added photoreceptive pigment 
was present during the irradiation. Fig. 1 illustrates 
a typical experiment with MB. 

Riboflavin also was found capable of serving as 
a photoreceptor in mediating light inactivation of 
xanthine oxidase. A comparison of the effectiveness 
of the two pigments was obtained as follows. 
Various amounts of riboflavin were added to por- 
tions of enzyme solution and MB to others. After 
irradiation at 1800 ft.c. for 5 min., MB was added to 
the riboflavin samples and the activities of all were 
measured in the usual manner. Riboflavin does not 
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interfere with the spectrophotometric estimation of 
MB at 620 mu. In both cases the degree of inactiva- 
tion was roughly proportional to the initial concen- 
tration of photoreceptor. For equal inactivation, 
about 2-5 times as great a concentration of ribo- 
flavin as of MB was required. It should be pointed 
out, however, that because of the much higher 
molecular extinction of MB, the total energy 
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Fig. 1. Influence of 30 min. irradiation at 1800 ft.c. on 
xanthine oxidase activity. Substrate, xanthine. Hydro- 
gen acceptor, methylene blue. ©, non-irradiated; +, 
irradiated without methylene blue; @, irradiated with 
methylene blue. 
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Fig. 2. Effect of light intensity on inactivation of xanthine 
oxidase. Exposure time, 30 min. Substrate, xanthine. 
Hydrogen acceptor, methylene blue. 


absorbed was about 11-5 times as great as by 
the riboflavin. This factor was approximated by 
measuring the areas under the curves which were 
obtained by multiplying the molar absorption 
spectra, in the region 350-750 muy. (determined with 
a Beckman model DU spectrophotometer), by the 
emission spectrum of the source, as given by Taylor 
(1934). 

By using nitrate as hydrogen acceptor, the dye 
may be eliminated entirely. In this case, exposure 
either to bright sunlight or to ‘daylight’ fluorescent 
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radiation of about 500 ft.c. was without effect on the 
activity of the enzyme. 

Figs. 2 and 3 present the results of experiments 
to ascertain whether activation might result from 
shorter exposure or lower intensity. 

As these experiments gave no evidence of activa- 
tion of the enzyme, in complete disagreement with 
those of Bernheim & Dixon (1928), a number of 
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Fig. 3. Effect of duration of irradiation of xanthine oxidase. 
Intensity, 1800 ft.c. Substrate, xanthine. Hydrogen 
acceptor, methylene blue. 
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Fig. 4. Effect of added hydrogen peroxide on activity of 
xanthine oxidase. Substrate, xanthine. Hydrogen 
acceptor, methylene blue. 


variations were tried in an attempt to discover the 
cause of the discrepancy. Inactivations entirely 
similar to the foregoing were obtained also with 
whole milk in place of the decaseinated preparation, 
with hypoxanthine rather than xanthine as sub- 
strate, at pH 6-8 and 7-4, and with various intervals 
of darkness interposed between the irradiation and 
measurement of activity. 

Bernheim & Dixon (1928) believed that the effect 
of light was due to the formation of hydrogen 
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peroxide and presented data showing activation of 
xanthine oxidase on addition of small quantities of 
this substance in the dark. As shown in Fig. 4, we 
have been unable to reproduce this result either. It 
might be supposed that catalase, if present in the 
xanthine oxidase preparation, would tend to prevent 
activation either by hydrogen peroxide or by light, 
and indeed Bernheim & Dixon (1928) ascribed to the 
presence of catalase their failure to obtain activa- 
tion with some of the milk samples tested. This 
explanation does not seem tenable, however, as we 
have obtained virtually identical inactivations, by 
light, of a xanthine oxidase preparation having high 
catalase activity and of one devoid of detectable 
catalase. 


DISCUSSION 


From the discrepancy between the foregoing results 
and those of Bernheim & Dixon (1928) it is evident 
that various crude preparations of xanthine oxidase 
may be affected entirely differently by illumination, 
whence it may be concluded that the influence of 
light is not directly upon the enzyme itself. As 
activations were never encountered in the present 
experiments, this indirect effect was not amenable to 
study, and no definitive explanation of the apparent 
activation observed by Bernheim & Dixon (1928) 
can be presented. However, one or two suggestions 
may be noted. 

It is conceivable that light or hydrogen peroxide 
may diminish the effect of some inhibitor of the 
enzyme. In this connexion it is of interest that 
Kalckar & Klenow (1948) have shown that folic acid, 
which is known to occur in some samples of milk 
(Hodson, 1949), markedly inhibits the activity of 
xanthine oxidase. The inhibition was later ascribed 
to a decomposition product of folic acid and was 
shown to be relieved by irradiation (Lowry, Bessey 
& Crawford, 1949; Kalckar, Kjeldgaard & Klenow, 
1950). 

There exists also the possibility that the apparent 
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activation observed by Bernheim & Dixon (1928) 
was in reality quite unrelated to the activity of the 
xanthine oxidase, since any factor which accelerates 
reduction of the methylene blue or retards its re- 
oxidation would have the same result. The literature 
contains a number of reports of light activation 
of various dehydrogenases as measured by the 
Thunberg technique. That factors other than a true 
activation of the enzymes are involved is indicated 
by the observations that the extent of the acceler- 
ated decolorization is dependent upon the particular 
dye employed (Grénvall, 1937) and that accelerated 
reduction of MB may occur also with heat-inacti- 
vated enzyme preparations and in the absence of 
substrate (Krestownikoff, 1927). More recently, it 
has been shown that in the presence of MB, light 
brings about a dehydrogenation of certain amino- 
acids and other compounds with concurrent 
bleaching of the dye (Weil & Maher, 1950; Weil, 
Gordon & Buchert, 1951). It seems not unlikely that 
different samples of milk and of crude xanthine 
oxidase preparations might vary widely in the con- 
tent of such photolabile substances. 

Regardless of the precise mechanism which is 
involved, it is clear that the apparent activation of 
xanthine oxidase by light must be of an indirect 
nature, and hence cannot be adduced as evidence 
for the direct participation of a flavin enzyme in the 
indolylacetic acid oxidase system. 


SUMMARY 


1. Contrary to the results of Bernheim & Dixon 
(1928), no evidence could be obtained of an activa- 
tion of xanthine oxidase by light. 

2. It is suggested that the apparent activation 
observed by Bernheim & Dixon was of an indirect 
nature and may have been due to photodehydro- 
genation of impurities in their preparation, with 
concomitant reduction of the methylene blue 
employed as hydrogen acceptor. 
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A Method for the Preparation of Gastrin 
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Chemistry Department II, Caroline Institute, and the Insulin Laboratory 
of the Vitrum Company, Stockholm 
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Extraction of the hog pyloric mucosa with hot 
0-1n-hydrochloric acid, as applied in the earlier 
procedures for the preparation of gastrin (Edkins, 
1906; Komarov, 1942a, 6b; Uvniis, 1942; Uvnis, 
Munch-Petersen & Réoénnow, 1944), yields an 
abundance of inert proteins. In a study of the pro- 
perties of crude preparations of gastrin we made the 
observation that the active principle is very soluble 
in acid methanol. We found this solvent very 
satisfactory when used for extracting gastrin from 
hog pyloric mucosa. 

Further, we found, during the course of the work, 
that the main bulk of the activity followed the 
proteins which flocculated on neutralizing the acid 
methanolic extract. Since only a few per cent of the 
total gastrin remained in solution, evaporation of 
the methanol was superfluous after neutralization. 
Furthermore, a purification was achieved through 
fractionating the first methanolic extract at 
different pH values. The precipitate obtained at 
pH 5 was as large as that obtained at pH 7, but the 
latter contained nine-tenths of the gastrin activity. 
When dissolved in water these fractions flocculated 
isoelectrically at the same pH values as in methanol. 
A second small fraction was separated at pH 5-5 in 
methanol. For the sake of convenience, only the 
fraction flocculating at pH 7 was used for further 
purification. 


METHODS 


Preparation of the hog pyloric mucosa 


The stomach was removed not later than lhr. after 
slaughter, emptied of its contents, and everted. The pyloric 
part, making up a fourth of the stomach, was cut off, rinsed 
with cold water and immersed for 10 min. in boiling water in 
order to destroy tire enzymes. After cooling, the mucosa was 
carefully wiped clean of the slimy layer of mucus covering it 
and dissected free from the underlying muscular tissue. It 
made up about 20 % of the pyloric part of the stomach. The 
dissected mucosa was then minced in a meat chopper, 
frozen and stored for several months at — 20°, a procedure 
which did not affect the yield of gastrin. About forty hogs 
yielded 1 kg. of mucosa. 


Extraction of gastrin 


Deeply frozen mucosa (10 kg.) from about 400 animals 
was minced and suspended in 40 1. 0-1 N-HCl in 95% (v/v) 





methanol (solution I: 5ml. 2n-HCl1+95 ml. water-free 
methanol). This and all subsequent operations were carried 
out at room temperature. After stirring for 2 hr. the sus- 
pension was strained through gauze and the cloudy liquor 
filtered through fluted paper. The clear filtrate was brought 
to pH 5 with n-NaOH. (All pH measurements were made 
with the glass electrode.) A heavy precipitate formed at 
this stage. 5-10 g. of Hyflo Super-Cel were mixed with each 
litre of the suspension and the mixture filtered with suction. 
The filter cake contained about one-tenth of the total 
gastrin activity. The clear filtrate was brought to pH 5-5, 
when a slight precipitate formed which was filtered off with 
the aid of Hyflo, and discarded. The filtrate was brought to 
pH 7 and the precipitate formed allowed to settle for half an 
hour. The supernatant was then decanted and discarded. 
The rather voluminous precipitate was either centrifuged 
down or filtered with the aid of Hyflo Super-Cel. The mother 
liquor was discarded and the precipitate dissolved in, or 
extracted with, about 2 1. of 0-1N-HCl in 99% (v/v) meth- 
anol (solution II: 1 ml. 10N-HC1+99 ml. methanol). The 
dark-brown methanolic solution, which contained about 
three-fourths of the gastrin activity extracted from the 
mucosa with methanol can be stored for several weeks at 
— 20° without any loss of activity. 


Preparation of purified gastrin 


Solution IT (6 1., containing extract from about 30 kg. of 
mucous membrane and 1200 animals) was precipitated by 
the addition of 241. of ethyl ether. The precipitate was 
removed with suction and the filter cake washed with dry 
ethyl ether. The ether was allowed to evaporate and the 
filter cake, usually about 20 g., half of which consisted of 
inorganic salts, was dissolved in 500-1000 ml. of distilled 
water. The pH of the solution, about 2-5, was brought to 
6-8-7-4 with 0-1N-NaOH. The precipitate was collected by 
centrifugation, dissolved in about 200 ml. of 0-05n-HCl and 
reprecipitated at pH 7. The precipitate was dissolved in 
50 ml. or less of 0-05N-HCl, 1 1. of methanol was added and 
the gastrin reprecipitated by the addition of 11. of ethyl 
ether to the clear solution. The precipitate, which contained 
most of the gastrin, was filtered with suction and dissolved 
in the smallest possible amount of distilled water (solu- 
tion A). 

The addition of 31. more of ether to the mother liquor 
precipitated some more material, which also contained 
gastrin. The amount was about one-third of that in the first 
precipitate and the activity per unit wt. was likewise about 
one-third. Solution A was dialysed for 12 hr. at 5° under 
toluene against distilled water through which carbon 
dioxide was passed during the dialysis to prevent isoelectric 
precipitation of the gastrin. The inner fluid was freeze-dried. 
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The dry powder weighed about 1-5 g. The substance was 
readily soluble in distilled water and dilute acids. It was 
fairly stable in the dry state at room temperature, although 
some loss in activity did occur when it was stored for some 
months. 

The substance is of protein nature and is free of histamine, 
as evidenced by blood-pressure experiments. When 1 mg. 
was injected intravenously into a cat, as described by Jalling 
& Jorpes (1947), it induced in most animals a copious flow of 
a highly acid gastric juice. The amount secreted by different 
animals, however, showed great variations. We found values 
ranging from scarcely any secretion at all in a few animals to 
32 ml. 0-1 N-HClin a single instance. The mean response was 
about 10 ml. 0-1N-HCl/mg. gastrin, corresponding to a 
potency of 10 units/mg., as defined by Jalling & Jorpes. The 
most potent preparations previously reported are those of 
Komarov (19426), having an activity of 0-4 unit/mg., and 
those of Uvniis (1942), usually with about 0-5 unit/mg. 
(Kahlson, 1948), and in some instances claimed to vary 
between 1 and 10 units/mg. (Uvniis, 1945). 
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SUMMARY 


1. Gastrin has been extracted from boiled hog 
pyloric mucosa with 0-1N-hydrochlorie acid in 
95 % methanol. 

2. Impurities were removed on neutralizing the 
crude extract to pH 5-5-5. The active principle 
flocculated in the methanolic extract almost 
quantitatively at pH 7. 

3. Further purification was achieved through 
precipitation from water at pH 7. Inorganic salts 
were removed through dialysis. 

4. 1 mg. given to an anaesthetized cat with vagi 
cut caused a gastric secretion containing about 
10 ml. of 0-1N-hydrochloric acid, i.e. it contained 
about 10 secretory units (Jalling & Jorpes, 1947). 

This investigation was aided by grants from the Rocke- 
feller Foundation and the Knut and Alice Wallenberg 
Foundation. 
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The Preparation of Secretin 
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Friedman & Thomas (1950) described a method for 
the preparation of secretin on a large scale, and in a 
state of purity permitting its intravenous admin- 
istration in man. Their method compares favourably 
with the older ones. Briefly it is as follows: the 
sodium chloride precipitate of an acid extract of hog 
intestine is extracted with methanol and the active 
material precipitated with acetone. Further 
purification is achieved by means of trichloroacetic 
acid. The final freeze-dried product has an activity 
of 100-130 cat units/mg. 

We found the method of Friedman & Thomas 
very useful, although the yield of secretin was fairly 


low. Friedman & Thomas noted that though 


vigorous stirring of the intestines during extraction 
increased the total yield of secretin, so much inert 
material was extracted at the same time that the 
secretin activity per unit weight of the final product 
was lower. We have confirmed this, but prefer to use 


the more efficient method of extraction, removing 
the inert protein at a later stage. 

The principle introduced by these authors of 
extracting the secretin from the sodium chloride 
precipitate with methanol is very valuable. The 
same cannot, however, be said about the procedure 
of purification by means of trichloroacetic acid, 
which precipitates most of the inert proteins to- 
gether with the active material. In our attempts to 
avoid using trichloroacetic acid we soon found that 
the bulk of the inert material was removed on 
neutralizing the methanolic extract. On adding 
sodium hydroxide in methanol to pH 7 more than 
half of the protein matter present in the extract 
precipitated, while the secretin remained in solution. 

The method described below gives, when properly 
adhered to, a secretin with an activity of from 600 to 
900 cat units/mg. ash-free substance, and a yield of 
1000-1600 cat units/m. hog intestine. 
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METHODS 


Method of standardization 


The method used was that of Wilander & Agren (1932). 
Since the technique of the operation has a marked effect on 
the response of the animals to secretin, we have described 
our technique in detail. 

Cats weighing 2-5-4-0 kg. and starved for 24 hr. were 
used. 2 hr. before operation the animals were anaesthetized 
by intramuscular injection of 8-0 ml./kg. body wt. of a 
warm 1 % solution of chloralose in physiological saline. 

The abdomen was opened by a 5 em. longitudinal incision 
in the mid-line, 2cm. distal to thesternum. The pylorus was 
ligated and a 5-6 cm. long loop of intestine, starting from 
the pylorus, was fixed at each end to the abdominal wall at 
the ends of the incision. 

The intestinal loop was opened by a longitudinal incision 
3 cm. in length. The edges of the intestine were folded over 
the abdominal wall and fastened to it with catgut, at a 
distance of not less than 6 cm. on each side of the mid-line, 
The flap of the opened intestine should completely cover the 
incision in the abdominal wall, and the edges of the latter 
should not be sewn together since undue pressure on the 
pancreas must be avoided. The ampulla of Vater should be 
situated near the middle of the flap of intestine. The great 
saphenous vein was cannulated. 

The cats could be used almost immediately after opera- 
tion, and were usually in good condition for 12 hr. or more. 

The secretin, dissolved in about 1 ml. of physiological 
saline, was injected into the saphenous vein, followed by 
2-3 ml. of warm physiological saline. After a lag of 2-3 min. 
the secretion of pancreatic juice started abruptly. The juice 
secreted for the next 10 min. was collected on wads of tissue 
paper. The wads were soaked in distilled water in an 
Erlenmeyer flask and brought to boiling with an excess of 
0-1n-HCl. The excess acid was titrated with 0-1N-NaOH, 
using methyl red as indicator. 

The secretin unit is that amount of secretin which, under 
the conditions described, induces a secretion of alkali 
equivalent to 0-1 ml. of 0-1 N-HCl. 


Method of preparation 


The uppermost 1 m. of the intestine was removed from 
the hogs not later than 1 hr. after slaughter, emptied of its 
contents and immersed in ice water. After cooling for 
0-5 hr. the intestines were either worked up immediately or 
frozen and stored at — 20°. Storage for several weeks at this 
temperature did not affect the yield. If frozen material was 
used it was brought to the laboratory and allowed to thaw in 
cold water. 

The fresh or thawed intestines were everted, the mucus 
covering them was washed away with ice water and the 
material squeezed dry. It was then extracted for 0-5 hr. 
with 200 ml. ice-cold 0-13N-HCl/m. intestine, with constant 
stirring during the extraction. When fresh material was used 
the extraction was performed at the slaughter house. 

Volumes of 201. extract from 100m. intestine were 
brought to the laboratory and left standing overnight in the 
cold room, care being taken to keep pieces of ice floating in 
the extract all the time. The supernatant was decanted from 
the coarse particles that had settled to the bottom, and 
filtered with suction in the cold room (+ 4°) after addition of 
30 g. of Hyflo Super-Cel/l. The bottom layer, about 1 1., was 
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likewise filtered with the aid of Super-Cel. To each 1. of the 
combined filtrates 320 g. NaCl were added. 

The precipitate was collected on a suction filter in the cold 
room, washed on the filter with cold saturated NaCl solution 
and pressed as dry as possible. It is essential that the mother 
liquor is carefully removed before the extraction with 
methanol. The precipitate weighed about 300-350 g. with 
40-60% moisture. It could amount to 500g. after very 
thorough shaking during extraction. The precipitate was 
extracted for 12hr. at +4° with 5 parts by weight of 
methanol. Only one extraction was made, as suggested by 
Friedman & Thomas. The methanol solution which had a 
pH of about 2-5 (glass electrode) was neutralized to pH 7 
with n-NaOH in methanol. A heavy precipitate formed and 
was removed by filtration through fluted filter paper. It 
contained only 2-3 % of the secretin activity but more than 
50 % of the original nitrogen extracted. The actual amount of 
precipitate varied considerably in different preparations due 
to the extent to which the intestines were stirred during 
extraction, and to the amount of moisture remaining in the 
NaCl precipitate. In four instances the amount of nitrogen 
precipitated when the methanol extract was neutralized 
made up 49, 40, 60 and 61% respectively of the total 
amount. 

The reaction of the filtrate was adjusted to pH 2-5 with 
HCl and 3 vol. of cold acetone were added. The precipitate 
containing the secretin was washed on a suction funnel five 
times with acetone and three times with absolute ether. 
Yield, 21-25 g. of air-dry substance. The secretin activity of 
the dry powder was approximately 10-15 cat units/mg. 
with a total yield of 2100-3750 cat units/m. of intestine. 
More than 90 % of the precipitate consisted of NaCl, and the 
N content was 0-5-1-0%. 

The acetone precipitate was suspended in 100 ml. ice-cold 
distilled water per 35 g. of precipitate. This dissolved the 
NaCl, leaving the secretin undissolved in the concentrated 
brine which was formed. The suspension was filtered with 
suction on hardened paper (Schleicher and Schiill no. 1575) 
and washed with cold concentrated NaCl solution. The 
filtrate, which contained about 30% of the nitrogen 
originally present in the acetone precipitate but only a 
negligible secretin activity, was discarded. The filter cake 
was dissolved in about 25 ml. cold distilled water. If the 
solution was cloudy it was cleared by filtration with suction 
through hardened filter paper after the addition of 1 g. of 
Hyflo Super-Cel. The clear solution was saturated with 
NaCl, the precipitate filtered with suction, dissolved in a 
minute amount of distilled water and freeze-dried. The 
yield of the dry powder was about 1 g. from 100m. of 
intestine. The activity was approximately 200 units/mg. or 
2000 units/m. 

Freeze-dried powder (10 g. from about 1000 hogs) was 
suspended in 1000 ml. of cold absolute methanol. Most of the 
substance dissolved within half an hour; no attention was 
paid to the undissolved matter. The pH of the suspension 
was brought to 6-5-7-0 with 0-1n-NaOH in methanol. The 
precipitate was removed on a suction filter and dried with 
ether. It weighed about 6-5 g. and contained about 10% of 
the total secretin activity of the freeze-dried material. 

The pH of the filtrate was adjusted to 2-0-2-5 with 
0-1N-HCl in methanol, and 3 vol. of cold ethyl ether were 
added. The flocculent white precipitate formed was collected 
on a suction filter and washed on the funnel with ether. It 
was immediately dissolved in distilled water and freeze- 
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dried. Yield, about 2-0 g. with an activity of 400-600 units/ 
mg. or seven to eight times higher than that of the im- 
purities removed at pH 7-0. 

The powder was almost water-free, but contained about 
35 % ash. The secretin activity/mg. organic dry substance is 
consequently 600-900 units/mg. 


SUMMARY 


1. Secretin has been extracted with methanol 
from the sodium chloride precipitate of an in- 


testinal extract, as recommended by Friedman & 
Thomas. 
2. Impurities were removed through repeated 
isoelectric precipitations from methanol at pH 7. 
3. The final product had an activity of from 600 
to 900 cat units/mg. ash-free substance, the yield 
being 1000-1600 units/m. of hog intestine. 


This investigation was aided by grants from the Rocke- 
feller Foundation, and the Knut and Alice Wallenberg 
Foundation. 


REFERENCES 


Friedman, M. H. F. & Thomas, J. E. (1950). Proc. Soc. exp. 
Biol., N.Y., 73, 345. 


Wilander, O. & Agren, G. (1932). Biochem. Z. 250, 489. 


The Free Amino-acids of Invertebrate Nerve 


By P. R. LEWIS 
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(Received 16 April 1952) 


Many types of animal tissue possess an electrolyte 
composition which differs markedly from that of the 
body fluids in two important respects: first, the 
inorganic cations, largely sodium and potassium, 
outweigh the inorganic anions, chloride, sulphate 
and phosphate, i.e. there is an inorganic anion 
deficit; and, secondly, the concentration of potas- 
sium is greater (and, conversely, the concentrations 
of sodium and chloride are less) than in the extra- 
cellular fluid, i.e. there is an internal accumulation of 
potassium. This type of electrolyte distribution is 
highly developed in excitable tissues. Thus, the 
extruded axoplasm of giant squid nerves contains 
over 300 m-moles/l. of potassium and only about 50 
and 70m-moles/l. of sodium and chloride re- 
spectively, but squid blood contains only about 
20 m-moles/l. of potassium and considerably more 
than 400 m-moles/l. of both sodium and chloride. 
In both vertebrate and invertebrate muscle tissue 
various phosphorus compounds account for most of 
the inorganic anion deficit ; and this may be true also 
for vertebrate nerve which contains a very high 
concentration of phosphorus, much of which, 
however, may not contribute to the anion content 
of the axoplasm since it is combined with nitro- 
genous bases to form the phospholipins of the 
myelin sheath. But in the nerves of marine inverte- 
brates such as the Crustacea and the cephalopod 
molluses there is much less phosphorus, and here 
much of the deficit must be made up by purely 
organic anions. 


The function of these internal anions is largely 
unknown. But they are almost certain to be im- 
portant in connexion with the maintenance of a high 
internal potassium concentration, possibly by some 
mechanism of the type described by Boyle & 
Conway (1941). It is therefore important to know 
what the internal anions are, and this paper deals 
with the identification of the principal ones present 
in the nerves of certain marine invertebrates. 

The first important attempt to identify the anions 
in these invertebrate nerves was made by Schmitt 
and his collaborators working first with extruded 
squid axoplasm (Bear & Schmitt, 1939) and later 
with aqueous extracts of lobster nerves (Schmitt, 
Bear & Silber, 1939; Silber, 1941). This work cul- 
minated in the isolation by Silber (1941) of large 
quantities of alanine and aspartic acid, the separate 
amounts of which he estimated from analyses of the 
lobster nerve extracts for total amino nitrogen and 
total amino-acid carboxyl groups assuming that no 
other amino-acids were present. The values he 
obtained—133 and 90 m-moles/kg. of alanine and 
aspartic acid respectively—left a large fraction of 
the anion deficit unaccounted for. But the presence 
of other amino-acids would invalidate these values; 
so a re-investigation of the amino-acid content of 
these nerves was essential before beginning a search 
for other anions. 

A preliminary, qualitative survey showed that 
the nerves from all the seven marine invertebrate 
species tested contained appreciable amounts of 
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aspartic acid and alanine, and glutamic acid. All 
contained considerable amounts of a fourth amino- 
acid; in some this was glycine and in others the 
aminosulphonic acid taurine. Accurate analyses 
were therefore made of the free amino-acid content 
of nerves from three invertebrate species: Carcinus 
maenas, the shore crab, Sepia officinalis, the cuttle- 
fish, and Homarus vulgaris, the lobster. For this 
purpose a micromethod was developed for the 
estimation of the amino-acids which were first 
separated by partition chromatography on filter 
paper. The concentrations of the major inorganic 
constituents in Carcinus nerve were also determined, 
and a cation-anion balance-sheet drawn up, from 
which it was clear that, in this tissue at least, very 
little of the anion deficit remained to be explained. 
An osmotic balance-sheet was also drawn up and 
showed that the unexplained osmotic deficit was 
also small when account was taken of the neutral 
amino-acids. 
METHODS 


General techniques 


Preparation of material. All the analyses were carried out 
on freshly dissected tissues. The Carcinus leg nerves were 
dissected out by the procedure described by Keynes & Lewis 
(1951a). The nerve trunks so obtained were 4-5 cm. long; 
about 5 mm. was cut off each end, and the central portion 
was briefly, but carefully, blotted on filter paper and 
weighed on a microbalance. Single samples usually weighed 


4-10 mg. Leg nerves from the other Crustacea were pre- 
pared in the same way but were normally longer and heavier 
than those from Carcinus. Single Sepia axons and samples 
of squid axoplasm were prepared in the way described by 
Keynes & Lewis (19516) and averaged 1-2 mg. in weight. 
The Carcinus nerves were dissected out in the Ringer’s 
solution described by Keynes & Lewis (1951 a); nerves from 
the other species were dissected out in sea water. 

Determination of the inorganic constituents. The values for 
the Na*, K* and total P contents of Carcinus nerve and the 
ways they were obtained have already been given by 
Keynes & Lewis (195la,b). Cl” was determined by the 
colorimetric method of Conway (1935) for amounts between 
7 and 35 wg.; pairs of nerves were soaked for at least 4 hr. in 
25 ml. of water, and two 1 ml. portions then taken for 
analysis. For the determination of Mg**, the method 
devised by Robertson & Webb (1939) for the analysis of 
samples of marine invertebrate blood was adapted to much 
smaller amounts. This method involves two precipitations 
with oxine (the second in the presence of only a slight excess 
of reagent), bromination of the oxine in the precipitate, and 
titration of the excess BrO; with Na,S,0, after the addition 
of KI. The procedure used by them was scaled down by a 
factor of 50 so that analyses on about 30 mg. of nerve were 
possible. A solution of 0-02N-Na,S,0, delivered from a 
horizontal Conway burette was used for the titration, and 
the filtrations were carried out with a small sintered-glass 
filter-stick and asbestos pad similar to that used by 
Cunningham, Kirk & Brooks (1941). An accuracy of 
5-10% was obtained; this was sufficient for the present 
purpose since Mg*t* is only a minor constituent of these 
invertebrate nerves. 
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Estimation of the extracellular space in Carcinus nerve. The 
reference substance used was a levan polysaccharide iso- 
lated from Italian rye-grass. A sample of this levan was 
very kindly supplied by Dr J. Beattie; some of its properties 
have been discussed by Palmer (1951) and by Bell & Palmer 
(1949). This polysaccharide was preferred to inulin since, 
though of a similar mean molecular weight, it is much more 
soluble in sea water at room temperature and so made 
possible the analysis of very small samples of tissue. 
Freshly dissected nerves were soaked in Carcinus Ringer 
containing 1 % levan for periods of 2-5-5 hr., and each was 
then transferred to 1 ml. of distilled water for a similar 
period. After removal of the nerve residue, the amount of 
polysaccharide was determined by the method described by 
Harrison (1942); 2 ml. of the diphenylamine reagent were 
used for each analysis, and the intensity of the colour pro- 
duced was determined photoelectrically with the apparatus, 
described below, which was used for the amino-acid 
analyses. 

Micro-analysis of the amino-acids 


The development of a suitable technique. For the determina- 
tion of the principal free amino-acids in freshly dissected 
Carcinus nerve it would have been possible to use one of the 
established analytical methods, such as the chromato- 
graphic technique of Moore & Stein (1948) or, where 
applicable, one of the many enzymic methods—sufficient 
material could have been obtained by pooling many nerves. 
Some much more sensitive method was needed, however, for 
the determination of the composition of a single Sepia axon 
and for any investigation of the effect of various factors on 
the composition of individual Carcinus nerves. What was 
needed was a rapid method of estimating amino-acids in 
quantities of the order of 0-2-0-5ug. amino N with an 
accuracy of about 5%. None of the existing methods 
satisfied all three requirements of speed, sensitivity and 
accuracy, but it appeared that colorimetric estimation of the 
blue compound formed with ninhydrin offered the most 
promising basis for the development of a suitable technique, 
the individual amino-acids being first separated by partition 
chromatography on filter paper. 

Development of the colour in aqueous solution after ex- 
traction of the amino-acid from the paper did not give 
sufficiently accurate results, probably because full colour 
development does not occur in dilute solution. The use of a 
reducing agent such as SnCl, is said to improve the repro- 
ducibility of colour development (see Landua & Awapara, 
1949), but as this also leads to high and variable blank 
values it is unsatisfactory for the analysis of small samples. 
Development actually on the paper followed by extraction 
of the colour was found to give much better results, and the 
following method of extraction was found to be the most 
suitable: the circle of paper containing the coloured spot was 
rolled inside a vertical piece of glass tubing and a jet of 
steam directed into the open end from above; the colour was 
rapidly extracted down the paper, and the extract was 
collected from the lower end of the tube into which was fitted 
a thin disk of sintered glass to retain any fibres of filter paper 
detached by the steam. The extraction tube used in the 
present work was 3 cm. long and tapered from an internal 
diameter of 8 mm. at the top to one of about 3 mm. at the 
bottom. In this tube a piece of filter paper 4-5 sq.cm. in area 
can be extracted completely in 5 min. into a volume of less 
than 1 ml. 

Development of a chromatogram by spraying with a 
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dilute solution of ninhydrin in butanol and heating to 
about 80° for 10-20 min. in an oven gives a very variable 
yield of colour, even the shade of colour varying from day to 
day. The influence of a number of factors on the colour 
development was therefore studied, and it was found that 
the best results could be obtained by adding collidine to the 
spraying fluid and then developing the chromatogram in a 
moist atmosphere. The use of collidine was suggested by the 
observation that chromatograms flowed with this solvent 
always gave very intense blue spots, and by the work of 
Harding & MacLean (1915) who found that the rate of 
formation and the yield of the blue compound produced in 
aqueous solution with excess ninhydrin were increased in the 
presence of a weak base such as pyridine. Since this tech- 
nique was perfected, Woiwod (1949) has advocated the use of 
collidine in CHCl, solution. The possibility that the presence 
of water was necessary for optimum development was sug- 
gested by the fact that the formation of the blue compound 
is essentially an ionic reaction. No further improvement 
could be obtained by the addition of buffer solutions to the 
spraying mixture: both adverse pH and high concentrations 
of salts impair development. Under the conditions used for 
the quantitative analyses it was found that development 
was independent of the concentration of ninhydrin in the 
spraying fluid if this was greater than 0-2% (w/v). 
Preparation of nerve extracts. Three methods were used. 
In the first experiments the nerve was extracted actually on 
the filter paper with alternate drops of CHCl, saturated with 
water and water saturated with CHCl,. This method was 
used because tracer experiments carried out in this labora- 
tory (Keynes, unpublished work) had shown that saturation 
of sea water with CHCl, causes a rapid escape of the internal 
K* from these nerves. Alternatively, the nerve was sus- 
pended from a loop of Pt wire and extracted on to the paper, 
this procedure obviating the removal of the extracted 
residue from the paper. Extraction of the residues indicated 
that quantitative transfer of the amino-acids on to the paper 
was achieved. For the majority of the analyses, however, 
the nerve was transferred to a tiny test tube containing 
a weighed quantity of distilled water, and after about 1 hr. 
portions of the supernatant were transferred to the paper 
with a micropipette. Control experiments showed that the 
amino-acids escaped from the nerve with a half-time of 
4-6 min., and that after less than 1 hr. the concentrations of 
amino-acids in the residue of the nerve and in the super- 
natant were effectively the same. No significant differences 
were observed in results obtained by the three methods, but 
the third was adopted for the routine analyses because there 
were fewer possible sources of error. The Sepia axons were 
soaked in water for only 30 min. since the amino-acids 
diffuse out very rapidly from these single fibres. 
Chromatographic technique. One-dimensional chromato- 
grams were used for the accurate quantitative analyses; 
samples of nerve extract and known volumes of a standard 
solution were placed alternately along the starting line at 
about 3 cm. intervals; and when the third method of extrac- 
tion was used the same pipette was employed for both the 
extract and the standard solution. The method of flowing the 
chromatograms was essentially that used by Dent (1948); 
phenol and ‘collidine’ were the two solvents used, phenol 
always being the first solvent for two-dimensional chro- 
matograms, but ammonia and diethylamine were not added 
as suggested, since they might interfere with the quanti- 
tative determinations. When aspartic and glutamic acids, 
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taurine and alanine were the four main amino-acids present, 
as was the case in most of the nerve extracts analysed, a 
complete separation could be obtained with a flow of about 
20 cm. in phenol, which took about 7 hr. on the Whatman 
no. 4 filter paper used. Unfortunately, glycine and taurine 
coincide on a phenol chromatogram; so when both were 
present a parallel chromatogram was run in collidine, which 
separates taurine from all the other amino-acids. The 
amount of taurine present in the extract was determined 
from this collidine chromatogram, and the amount of glycine 
determined by difference from the phenol chromatogram, 
When the flow was complete, the excess solvent was re- 
moved ata temperature below 70° since higher temperatures 
cause significant losses of amino-acids (see Fowden, 1951). 

Development and estimation of the colour formed with 
ninhydrin. When the paper was dry it was uniformly 
sprayed with a solution of 0-4% (w/v) ninhydrin in 10% 
(v/v) aqueous isopropanol to which 5% of collidine was 
added immediately beforehand. In the absence of the 
collidine this ninhydrin solution is stable indefinitely if 
protected from sunlight; isopropanol was preferred to the 
more normally used n-butanol which has an objectionable 
smell. The chromatogram was then suspended in a lead- 
lined tank in the bottom of which was fitted an electrically- 
heated water bath and a battery of electric light bulbs. 
Here, in a moist atmosphere at a temperature of 80-90°, 
development was allowed to proceed for 20-25 min. 

Each spot was cut out in turn and extracted, by the 
method already described, into a tiny test tube containing 
a few crystals of sodium acetate. The extract was transferred 
quantitatively to a weighed colorimeter cell and the depth of 
colour and the weight of solution measured. The colorimetric 
measurements were made on a Hilger model H'760 Spekker 
absorptiometer with Ilford 606 filters; special cell-carriages 
were made so that small 1 cm. cells requiring only about 
2-3 ml. of solution could be used. If protected from sunlight 
the chromatograms did not deteriorate for several hours at 
least; and the extracts were quite stable when the sodium 
acetate was included, the colour fading by less than 2% 
overnight. 

Accuracy. In these analyses the composition of the 
standard solution was so adjusted that the amount of each 
amino-acid in the standard spot on the chromatogram was 
within +25 % of that in the sample spot. The amounts of 
the individual amino-acids in each spot ranged from 
about 0-025 pmole for glutamic acid and alanine to about 
0-10 pmole for aspartic acid. In most of the experiments the 
standard error of a single estimation was +46%, but 
occasional chromatograms gave a larger standard error for 
no predictable reason. Duplicate estimations were normally 
made, two spots of the extract being included or the same 
chromatogram. 


RESULTS 


A preliminary survey 


Preliminary, semi-quantitative analyses were made 
of the principal free amino-acids in nerves from 
seven species of marine invertebrates—five Crusta- 
cea and two cephalopod molluscs—and the results 
are shown in Table 1. Both one-dimensional and 


two-dimensional chromatograms of the nerve 
extracts were run, and the intensities of the spots 
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compared visually with those of standards flowed in 
parallel ; the spots were not extracted for colori- 
metric estimation since the main purpose was to 
make a rapid survey of the occurrence of the 
individual amino-acids as a preliminary to a more 
detailed study of one or two individual species. 
A comparative survey was not contemplated, 
though such a survey should prove of interest since 
the variations, particularly of taurine and glycine, 
observed between different species were far greater 
than those between individual members of the same 
species. 


FREE AMINO-ACIDS OF INVERTEBRATE NERVE 


Positive identification of the amino-acids 


The identities of the five principal amino-acids 
were confirmed in a number of ways. Identification 
based solely on the position and colour of spots on 
chromatograms is inadequate and can be mis- 
leading. Thus, when a two-dimensional chromato- 
gram of lobster nerve was run for the first time an 
intense brown spot with approximate R, values of 
0-41 and 0-22 was observed, and was assumed to be 
due to asparagine and not to glycine, which flows 
to almost the same position but is supposed to give 


Table 1. The approximate distribution of the principal free amino-acids in the nerves of some marine 
invertebrates and in Carcinus muscle 
(The results of a preliminary, semi-quantitative survey.) 


Aspartic Glutamic 


Species 
Carcinus maenas 
Cancer pagurus 
Maia squinado 
Homarus vulgaris 
Palinurus vulgaris 
Sepia officinalis 
Loligo forbesi 


Carcinus 


Tissue 
Nerve 
Nerve 
Nerve 
Nerve 
Nerve 
Nerve 
Nerve 
Muscle 


acid 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 


Probable concentrations in m-moles/kg. wet weight of tissue are: 


-= <5. These ranges are approximate. 


Ninhydrin-reacting substances other than the 
five given in Table 1 were often observed, though in 
traces only. Thus most of the chromatograms showed 
a yellow spot a short distance behind the phenol 
front, which was almost certainly due to proline, 
and a reddish spot a little further behind, which may 
have been due to carnosine. Frequently there were 
one or two faint spots which had moved only a short 
distance in collidine; these did not correspond to 
known amino-acids, but they were a normal blue in 
colour and were probably due to small molecular 
weight peptides or to simple derivatives of known 
amino-acids. Up to the present time, however, in- 
vestigations have been confined to the five amino- 
acids listed in Table 1, which were responsible for 
the intense spots. 

Since nerve and muscle have many features in 
common a few samples of invertebrate muscle were 
also analysed and the results are included for com- 
parison in Table 1. Unlike nerve, Carcinus muscle 
contains no aspartic acid and little if any glutamic; 
traces of a ninhydrin-reacting substance which 
could be glutamic acid were found but were in- 
sufficient for identification. Alanine, taurine and 
glycine, however, are all present in large amounts 
together with a substance, at present unidentified, 
which flows slightly faster than alanine in phenol 
but only very slowly in collidine. 


acid Alanine Taurine 


++ ++ ++ 
++ + + ++ 


7 + 


Glycine 


+P = 
++ +++ 


++ +++ 


+++=>75; ++=30-90; + =15-35; + =—5-15; 


the normal blue or purple colour (Dent, 1948). Only 
later was this spot shown to be due entirely to 
glycine, which under the development conditions 
used here sometimes gives a spot that is brown at 
first and may not turn blue for several hours. The 
course and speed of colour development with nin- 
hydrin are often of diagnostic value. Aspartic 
acid goes through a complex series of colour changes ; 
a vivid emerald green can be obtained at an inter- 
mediate stage by developing the chromatogram 
under very dry conditions, and the development of 
the ‘aspartic-acid spot’ on nerve chromatograms 
matches at every stage that of a standard spot 
flowed in parallel. The colour changes of glycine 
mentioned above are also typical; and during the 
development of chromatograms of nerve extracts 
the spot due to glutamic acid is the first to appear 
and that due to taurine is the last. 

Duplicate two-dimensional chromatograms of 
Carcinus nerve, to one of which appropriate amounts 
of the four amino-acids had first been added, showed 
no obvious differences in the distribution of colour in 
parallel spots; and preliminary treatment with 
basic copper acetate, as described by Crumpler & 
Dent (1949), left only the taurine spot unaffected. 
The separate components were also isolated by the 
method of Consden, Gordon & Martin (1947) from 
a ‘multi-spot chromatogram’ of a Carcinus nerve 
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extract flowed with phenol. The aspartate, gluta- 
mate and taurine fractions were found to be stable 
to the action of 6N-HCl for 24 hr. at 105°; and the 
glycine fraction similarly isolated from Carcinus 
muscle was also stable to this treatment. (No trace 
of aspartic acid was formed from the glycine frac- 
tion; so asparagine was absent.) The alanine 
fraction isolated from the nerve extract, however, 
contained traces of substances other than «-alanine, 
though this was certainly the major component. 
Several extra spots appeared on hydrolysis, in- 
cluding one probably due to glutamic acid; so there 
was definitely a small amount of a peptide present 
and perhaps also some glutamine. The amounts were 
small however; and the identity of the major 
component, which was stable to hydrolysis, cannot 
be in doubt, particularly in view of the findings of 
Silber (1941). In the next section the analytical 
figures given for alanine have not been corrected for 
the presence of these impurities, but the error 
thereby introduced should be small and should not 
materially affect any of the subsequent arguments. 


The accurate determination of the amino-acids 


The results of accurate analyses of nerves from 
three species are given in Table 2. Nerves from 
Carcinus and Sepia were analysed because they 
have been used for recent quantitative work in this 
laboratory and their electrolyte composition was 
therefore of especial interest. (Squid axons have 
also been used, but analyses of their axoplasm have 
not yet been made since the animals would not 
survive transport to Cambridge.) A few Homarus 
nerves were also analysed because Schmitt and his 


Table 2. The concentrations of the principal free 
amino-acids in the nerves of some marine inverte- 
brates 


(All values in m-moles/kg. wet weight of nerve, +8.E. 
All ten Sepia axons were obtained from three animals.) 


Carcinus Sepia Homarus 
whole leg single whole leg 
Amino-acid nerve axon nerve 
Aspartic acid 138+4-5 82 112 
Glutamic acid 3541-5 39 25 
Alanine 33+3°5 21 33 
Taurine 65+5 103 c12 
Glycine <5 <5 35 
Anion total 17345 122 137 
No. of analyses 16 10 8 
No. of nerves 9 10 3 
analysed 


collaborators used the American lobster for their 
work, and also partly because Homarus was one of 
the species found to contain considerably more 
glycine than taurine. The standard errors of the 
means for Carcinus are included in Table 2; since 
biological variation is the main cause of uncertainty 
in these results the mean values given for Sepia and 
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Homarus are probably somewhat less reliable 
because fewer animals were used for the analyses, 
Though these results for Homarus differ widely from 
those arrived at by Silber (1941) they would give 
closely similar values for the total amino N and «- 
amino CO, determinations, upon which Silber’s 
conclusions were based, as can be seen from Table 3 
where the two sets of results are compared. 


Table 3. The amino-acids of lobster nerve; a com- 
parison of the amino N and «-amino CO, values 
obtained by Silber (1941) with those deduced from 
results given in Table 2 
(All values are expressed as m-moles/kg. of nerve. The 

experimental procedure used by Silber was stated (Silber & 

Schmitt, 1940) to reveal the second carboxyl group of 

aspartate to the extent of 90% and that of glutamate to 

the extent of 3%; and the values for the «-amino CO, were 
calculated on the basis of these figures.) 
Calculated values for 
Concentration ————*~—___, 


of amino-acid Amino N «a-Amino CO, 
From values deduced by Silber: 


Aspartate 90 90 171 
Alanine 133 133 133 

Totals 223 304 

From values given in Table 2: 

Aspartate 112 112 213 
Glutamate 25 25 26 
Alanine 33 33 33 
Taurine 12 12 0 
Glycine 35 35 35 

Totals 217 307 


The cation-anion balance in Carcinus nerve 


In order to assess the importance of these di- 
carboxylic amino-acids as internal anions a cation- 
anion balance-sheet was drawn up for Carcinus 
nerve and is reproduced in Table 4. The concentra- 
tions of the major constituents (sodium, potassium, 
magnesium, chloride, total phosphorus, aspartate 
and glutamate) were determined by direct analysis 
of freshly dissected nerves. There is considerable 
biological variation ; so sufficient analyses were made 
to reduce the standard error of the mean for each 
constituent to about 4 m-equiv./kg. or less. The 
concentrations of sodium, potassium and total 
phosphorus were of interest in other connexions, 
and values have already been published by Keynes 
& Lewis (1951la, b). Values of 257 and 262 m-moles/ 
kg. for the potassium content were obtained by two 
different methods of analysis and 260 is used here as 
a reasonable average figure. Values for some minor 
constituents were arrived at from figures given in the 
literature for other marine crustacean nerves; 
variations between species are unlikely to introduce 
a large absolute error since the estimated total 
contribution made by the ions concerned (calcium, 
bicarbonate, lactate and keto acids) is only about 
50 m-equiv./kg., i.e. some 6 % of the total electrolyte 


| 








Vv ew 2 


STS Se 








Vol. 52 


content. Estimation of the total anion contribution 
made by the phosphorus compounds was compli- 
cated by the fact that no one complete analysis of 
them appears to have been made. Use was therefore 
made of two partial analyses of the phosphorus 
fractions in Homarus nerve, those of the acid- 
soluble fraction by Engel & Gerard (1935) and of the 
lipid fraction by Brante (1949), from which the total 
anion contribution in Carcinus was estimated on the 
assumption that the relative distribution of phos- 
phorus compounds is the same in both species. It 
was also assumed that the pH of the axoplasm was 
about 7:0. Such an estimate is obviously only 
approximate but is unlikely to be in error by much 
more than 5 m-equiv./kg. 


Table 4. The cation-anion balance in Carcinus nerve 


(All values are expressed as m-equiv./kg. wet weight.) 
Ionic concentrations 


a Anion 


Group deficit 
Electrolyte Mean-+s.£. totals remaining 

Sodium 152+5 — -= 
Potassium 260+4 — — 
Magnesium 23+3 _— — 
Calcium* 13 448 448 
Chloride 145+2 — — 
Sulphatet 9 — _ 
Bicarbonatet 9 163 285 
Phosphorus 45 — —_ 
compounds§ 

Keto acidst 14 — — 
Lactate|| 13 72 213 
Aspartate 138 

Gaemate 35 } +5 173 ad 


* Value obtained by Tipton (1934) for Libinius and 
Homarus. 

7 Calculated value for sulphate in the extracellular 
space where it is assumed to be at the same concentration 
as in Ringer. 

{ Values calculated from figures of Silber’s (1941) for 
Homarus. 

§ The method used to estimate the contribution of the 
phosphorus compounds is given in the text. 

|| Value obtained by Holmes (1929) for Cancer. 


No account has been taken of the base-binding 
power of the proteins of the axoplasm or of any 
peptides that may be present. The dicarboxylic 
amino-acids are assumed to bind one equivalent of 
cation and the mono-carboxylic amino-acids none; 
the small contribution which taurine may make by 
virtue of its strongly acidic sulphonic acid group is 
neglected. Values are given in the table for lactate 
and keto acids; but there are a number of other acidic 
intermediates of carbohydrate metabolism, such as 
acetic and succinic acids, which may be present in 
significant amounts. The presence of organic cations 
would naturally increase the anion deficit, but they 
rarely occur in high concentrations in biological 
tissues. All these omissions from the table do not, 
however, radically affect the general picture or the 
conclusion that the anion deficit which remains un- 
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explained is quite small. That the deficit due to 
unidentified small molecular weight anions may be 
even less than indicated is suggested by a few 
analyses of the nerve residues obtained after soaking 
in distilled water to release the amino-acids. When 
calculated in terms of m-moles/kg. of water, the 
concentrations of taurine and alanine in the nerve 
residue approximated to those in the supernatant 
and the concentrations of aspartic and glutamic 
acids were a little less, though not significantly so, 
whereas some 8 % of the total sodium and potassium 
of the nerve and 45 % of the total phosphorus were 
retained in excess of that necessary for equivalence 
with the supernatant. These results suggest that the 
nerve residue contains fixed, or very slowly diffusing, 
anions which set up a Donnan equilibrium between 
the interior of the residue and the supernatant ; and 
this would account for the fact that Silber (1941) 
failed to extract the last 10% of the cations from 
lobster nerve. It is obvious that the unextracted 
phosphorus must account for much of the cation- 
binding power of the residue; but if the value of 
45 m-equiv./kg. given in Table 4 for the total anion 
contribution of phosphorus compounds is correct, 
about 15 m-equiv./kg. of sodium and potassium 
must be retained by other anions. These considera- 
tions reduce the overall deficit to the order of 
25 m-equiv./kg., a value so small that there is 
unlikely to be any organic anion in Carcinus nerve 
present in amounts comparable with those of 
aspartate and glutamate. This conclusion is not 
justified for Sepia, however, where the balance does 
not appear to be so complete since the sum of 
aspartate and glutamate is about 50 m-equiv./kg. 
less than in Carcinus, although the sum of sodium 
and potassium is almost the same. Owing to the 
very small weight of a single Sepia axon no attempt 
has yet been made to look for other anions which 
might account for this difference. Homarus appears 
to be intermediate, and although aspartate is 
certainly the principal organic anion there may be 
unidentified anions which are as important as 
glutamate. Nevertheless, it is true to say that in all 
the seven invertebrate species studied aspartate and 
glutamate must make up a large fraction of the total 
internal anions and therefore balance much of the 


potassium present. 


The osmotic balance in Carcinus nerve 


Just as the aspartate and glutamate help to make 
up the total anionic concentration necessary to 
balance the internal potassium, so, it may be 
argued, the other amino-acids help to make up the 
total solute concentration necessary to maintain 
osmotic equilibrium with the blood. This appears to 
be a justifiable argument since Hill (1950) has con- 
cluded that single Sepia axons behave as almost 
perfect osmometers so that the maintenance of the 
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internal osmotic pressure is probably important for 
optimum functioning of the nerves. An approxi- 
mate osmotic balance sheet was therefore drawn up 
for Carcinus nerve and is reproduced in Table 5. 
Until more is known about the physical conditions 
existing in the axoplasm an exact treatment of this 
problem is impossible; so in the table all the solute 
species are assumed to have osmotic activities 
proportional to their molal concentrations. Only 


Table 5. The osmotic balance in Carcinus nerve 


Nerve Ringer 
Water content 865 g./kg. 992 g./l. 
Osmotic activities... (mg. ions/kg. nerve) (mg. ions/I. 
Ringer) 
Individual Running 
activities total 
Sodium 152 152 495 
Potassium 260 412 11 
Chloride 145 557 532 
Calcium, magnesium 12 569 49 
and sulphate 
Total 1087 
Acid-soluble 16 585 
phosphorus compounds 
Bicarbonate, lactate 36 621 -- 
and keto acids 
Aspartate and 173 794 — 
glutamate 
Taurine and alanine 98 $92 _ 
Unexplained deficit 56 948 — 
Totals (in mg. ions/kg. water) 1096 1096 


that part of the calcium and magnesium which is in 
the extracellular space is included since most of the 
intracellular fraction is probably bound to proteins. 
The osmotic contribution of the proteins themselves 
is also neglected but is certainly quite small. The 
unexplained osmotic deficit is small (56 mg. ions/kg. 
of nerve) and is little larger than the unexplained 
anion deficit; so it is unlikely that appreciable 
amounts of undiscovered solutes exist within the 
axoplasm. The osmotic deficit would be considerable 
but for the taurine and alanine which together form 
more than 10 % of the total solutes in these nerves. 


The extracellular space of Carcinus nerve and the 
probable intracellular ionic concentrations 


It is often desirable to know the actual electrolyte 
concentrations in the axoplasm, and since these 
can be calculated from whole-nerve analyses only 
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if the fraction of extracellular space is known, an 
attempt was made to measure this fraction in 
Carcinus nerve. The mean of seven determinations 
was 0-242+0-0111./kg. This value is probably 
slightly low since it was obtained with a poly- 
saccharide sample which, though it had a mean 
molecular weight of 5000-6000, almost certainly 
contained traces of high molecular weight material 
which might penetrate some parts of the true extra- 
cellular space only very slowly. A maximum value 
of 0-272 1./kg. can be deduced, however, from the 
figures for the chloride concentrations, 532 m-moles/ 
1. in the Carcinus Ringer and 145 m-moles/kg. in the 
fresh nerve, on the assumption that the nerve 
axoplasm contains no chloride, but this value is 
probably too high since the large fibres in both 
squid and Sepia have been shown to contain 
appreciable internal chloride (Steinbach, 1941; 
Keynes & Lewis, 19516). Thus the true mean value 
for the extracellular space can reasonably be 
assumed to lie between 0-24 and 0-27, and these two 
extremes were used to calculate the pairs of values 
for the intracellular concentrations given in 
Table 6. 


DISCUSSION 


This investigation began as a search for the organic 
anions which balance the internal potassium of 
invertebrate nerves. It has shown that the amino- 
acids are a conspicuous group of electrolytes in 
these nerves; in Carcinus nerve, for example, the 
aspartate and’ glutamate are together sufficient to 
balance about two-thirds of the internal potassium, 
and the alanine and taurine, whilst they have no 
significant cation-binding power, contribute over 
10 % of the total osmotic pressure of the axoplasm. 

These amino-acids undoubtedly exist in the free 
state in the axoplasm. When a nerve trunk is 
placed in distilled water they come out with a half 
period of about 5 min. compared with a half period 
of about 3 min. for the loss of radioactive sodium 
ions from the extracellular spaces of a nerve placed 
in inactive Ringer (Keynes & Lewis, 1951a). Thus 
the half period for the escape of the amino-acids is 
so short that their release from the axoplasm must 
be very rapid, so rapid that their formation by 
enzymic action would be impossible since the ‘free’ 


Table 6. The probable intracellular concentrations of the principal electrolytes in Carcinus nerve 





Quantity in Probable 
Concentration 1 kg. of nerve intracellular 
J A ~ c A — concentration 
In nerve In Ringer Extracellular Intracellular (m-moles/kg. 
Electrolyte (m-moles/kg.) (m-moles/l.) | (m-moles) (m-moles) water) 
Sodium 152 495 119-134 33-18 53-30 
Potassium 260 ll 3 257 412-432 
Chloride 145 532 128-144 17+1 <27 
Aspartate and glutamate 173 — — 173 276-291 
Alanine and taurine 98 --- — 98 157-165 
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amino-acids form 25 % of the total dry weight of the 
nerve ! 

Substances present in such large amounts are 
likely to have important functions to perform. It 
seems reasonable to suppose that two very im- 
portant functions of these amino-acids are to 
provide, on the one hand, the anions needed to 
balance the essential internal cations, and, on the 
other hand, the extra solutes necessary for osmotic 
equilibrium; and support for this supposition is 
provided by the two balance sheets drawn up for 
Carcinus nerve since both the cation-anion and the 
osmotic balances are very close when account is 
taken of the contributions made by the amino-acids. 

The distribution of free amino-acids in other 
excitable tissues differs markedly from that found in 
these invertebrate nerves. Thus Carcinus muscle 
(see Table 1) contains little or no aspartate or 
glutamate but large quantities of alanine, taurine 
and glycine, and Camien, Sarlet, Duchateau & 
Florkin (1951) have recently reported the presence 
of large amounts of glycine and proline in Homarus 
muscle. Taurine has long been known to occur in 
marine invertebrates. Kelly (1904) isolated it from 
Mytilus muscle, which from her results would 
appear to contain about 120 m-moles/kg., and 
similar amounts have been reported to occur in other 
marine creatures. (Kelly (1904) appears to have 
been misquoted by several authors. Her value of 
5% for the taurine content of Mytilus muscle 
undoubtedly refers to tissue which had been dried at 
110°, but Webb & Young (1940) and Krogh (1939) 
assume that it refers to fresh tissue: since the dry 
weight is about one-third of the wet weight, fresh 
Mytilus muscle must, in fact, contain only about 
16% taurine.) Baldwin (1947) has suggested that 
it may play an important part in regulating the 
intracellular osmotic pressure, and this suggestion is 
probably correct not only for taurine, but also for 
other non-toxic, nitrogenous substances, such as 
glycine, glycine betaine and trimethylamine oxide, 
which have been reported to occur in significant 
amounts in the muscle tissues of various marine 
invertebrates. The comparative absence of aspar- 
tate and glutamate in invertebrate muscle may be 
correlated with the fact that a large fraction of the 
internal potassium can be balanced by organic 
phosphorus compounds which are presumably 
associated with the contractile mechanism, for 
Engel & Gerard (1935) found a total of 66 m-moles/ 
kg. acid-soluble phosphorus in Limulus muscle 
compared with only 13 m-moles/kg. in Homarus 
nerve. 

Vertebrate excitable tissues, on the other hand, 
contain only small amounts of free amino-acids. 
Awapara, Landua & Fuerst (1950) have made a 
fairly comprehensive survey of the amino-acid 
content of the tissues of the rat ; their values for the 
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excitable tissues have been recalculated and are 
given in Table 7 in m-moles/kg. of fresh tissue. The 
relative distribution of the individual amino-acids is 
closely similar to that found in the invertebrates: 


Table 7. Distribution of free amino-acids in the 
excitable tissues of the rat 


(Data of Awapara et al. (1950) recalculated: all values in 
m-moles/kg. wet weight of tissue.) 


Amino-acid Muscle Brain 
Aspartate <1 36 
Glutamate 1-7 9-2 
Alanine 4-4 <1 
Taurine 11-6 2-4 
Glycine 5-7 <l 


taurine and alanine predominate in muscle and the 
dicarboxylic amino-acids predominate in nerve (i.e. 
brain), though the proportion of aspartate in the 
latter is small. Similar values have been reported in 
other mammalian excitable tissues, and it has been 
confirmed that concentrations of the same order 
exist in several types of vertebrate brain and peri- 
pheral nerve. 

Thus, of the tissues discussed above, only in- 
vertebrate nerve contains more than a few m-moles/ 
kg. of aspartate, and its presence there in such large 
amounts is most probably due to the need for main- 
taining a very high internal potassium concentra- 
tion. Similarly, the fact that invertebrate excitable 
tissues contain far higher concentrations of the 
three neutral amino-acids than do the vertebrate 
ones is probably a direct consequence of the much 
higher internal osmotic pressure which the marine 
invertebrates have to maintain. Glutamate, though 
its concentration is less in vertebrate than in inverte- 
brate nerve, balances about the same fraction of the 
potassium in both; so it may, perhaps, have a 
fundamental part to play in nervous conduction. 
These amino-acids may, of course, have important 
biochemical roles to play since alanine, aspartate 
and glutamate are all closely connected with aerobic 
glycolysis; and it is perhaps significant that gluta- 
mate appears to be one of the key substances in the 
biochemistry of brain (see, for example, Weil- 
Malherbe, 1950; Terner, Eggleston & Krebs, 1950). 
But in these invertebrate nerves it seems likely that 
aspartate and glutamate are important principally 
as internal anions, possibly as indiffusible anions 
which thereby set up some form of a Donnan 
equilibrium similar to that suggested by Boyle & 
Conway (1941) for frog muscle. 


SUMMARY 


1. A study has been made of the amino-acids 
present in aqueous extracts of nerves from certain 


marine Crustacea and cephalopod molluses. 
99 
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2. Nerves from all seven species tested contained 
large amounts of aspartic acid, glutamic acid and 
alanine, plus taurine in some species and glycine in 
others. These amino-acids account for over 20 % of 
the dry weight of the nerves and are almost certainly 
in free solution in the axoplasm. 

3. The concentrations of these amino-acids 
present in three species were accurately determined 
by a micromethod developed for the purpose: paper 
chromatograms of the nerve extracts were de- 
veloped with ninhydrin and the amount of colour 
extracted with steam was estimated photoelectric- 
ally. As little as 0-05 pmole of an individual amino- 
acid could be estimated with a standard error of 
about +5%. 

4. The major inorganic electrolytes in Carcinus 
maenas nerve were estimated, and balance-sheets 
were drawn up for the cation-anion and osmotic 
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balances, in both of which the unexplained deficit 
was small when account was taken of the free amino- 
acids present. 

5. The possible functional significance of these 
amino-acids is briefly discussed: it is suggested that 
the dicarboxylic amino-acids function as internal 
anions to balance the high internal potassium con- 
centration necessary for nervous conduction and 
that the other, ‘neutral’, amino-acids function as 
solute species to maintain the high internal osmotic 
pressure necessary for equilibrium with sea water. 
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A Method for the Quantitative Determination in Urinary Extracts of C,, 
17:20-Dihydroxy-20-methylsteroids 


By R. I. COX 
Department of Biochemistry, University of Edinburgh 


(Received 7 March 1952) 


Hyperactivity of the adrenal cortex in human 
subjects due to malignant neoplasm, hyperplasia 
or stimulation by adrenocorticotropic hormone 
(ACTH) has frequently been observed to be asso- 
ciated with the urinary excretion of considerable 
amounts of various C,, 20-methylsteroids (see 
Table 1). 


possibility and because of the widespread thera- 
peutic use of 17-hydroxy-11-dehydrocorticosterone 
(cortisone), it was thought that a specific method for 
the quantitative determination in urine of Cy 
17:20-dihydroxy-20-methylsteroids which might be 
formed from these two hormones (and from 17- 
hydroxy-11-deoxycorticosterone) by metabolic re- 


Table 1. 20-Methylsteroids, probably of adrenal origin, isolated from human urine 


Compound 
Adrenal hyperplasia 
Adrenal hyperplasia 
Adrenocortical tumour 


Pregnane-3a:17«:20«-triol 


Pregnane-3a:17«-diol-20-one 
Adrenal hyperplasia 
Pregn-5-ene-38:17«:20«-triol Adrenocortical tumour 


Pregn-5-ene-38:17«-diol-20-one Adrenocortical tumour 


Pregnane-3a:20«-diol-11-one Adrenal hyperplasia 


Pregnan-3«-ol-11:20-dione Adrenal hyperplasia 


Pregnane-3a:17«-diol-11:20-dione 


Associated condition of subjects 


Adrenal hyperplasia and adrenocortical tumour 


After administration of ACTH and cortisone 
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to patients with neoplasia 


Such urinary 20-methylsteroids may arise directly 
from related 20-methylsteroids present in the 
adrenal glands, but there is good reason to suppose 
that they may in part arise by metabolic reduction 
at C-21 of 21-hydroxysteroids secreted by the glands. 
The evidence that such metabolic reduction of 21- 
hydroxysteroids to 20-methylsteroids, i.e. to 21- 
deoxysteroids can occur in the human body appears 
to be conclusive. Thus Cuyler, Ashley & Hamblen 
(1940) and Horwitt, Dorfman, Shipley & Fish (1944) 
isolated pregnane-3a:20«-diol from the urine of 
human subjects after the administration of 11- 
deoxycorticosterone acetate; Mason (1948) isolated 
pregnane-3a:20«-diol-1l-one after the administra- 
tion of 11-dehydrocorticosterone; while more 
recently Lieberman, Hariton, Stockem, Studer & 
Dobriner (1951) have isolated pregnane-3«:17«- 
diol-11:20-dione after administering cortisone 
acetate. It has been suggested that the principal 
C,, adrenocortical hormone secreted by the adrenal 
glands in man may be 17-hydroxycorticosterone 
(Reich, Nelson & Zaffaroni, 1950; Hechter, 1950; 
Pincus, Hechter & Zaffaroni, 1951). In view of this 


duction of the C-21 hydroxyl group, would be of 
some value and interest. 

As is weil known, C,, steroids with either «-ketol 
or a-glycol side chains give almost quantitative 
yields of formaldehyde on oxidation with periodic 
acid, and this reaction has been widely employed for 
the quantitative determination in suitably pre- 
pared urine extracts of the so-called ‘formalde- 
hydogenic’ steroids (Lowenstein, Corcoran & Page, 
1946; Corcoran & Page, 1948; Daughaday, Jaffe & 
Williams, 1948). On oxidation with periodic acid, 
C,, 17:20-dihydroxy-20-methylsteroids, and steroids 
of no other type, should yield acetaldehyde. 
Accordingly, the possibility was envisaged of 
determining both formaldehydogenic and acetalde- 
hydogenic steroids in urinary extracts by periodate 
oxidation with separation and estimation of the 
formaldehyde and acetaldehyde thus produced. 
Talbot & Eitingon (1944) have estimated the 17- 
ketosteroids formed after periodate oxidation of 
urine extracts, thus measuring the combined total 
of C,, 17:20:21-trihydroxysteroids and C,, 17:20- 
dihydroxy-20-msthylsteroids. 


22-2 
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With pregnane-3a:17«:20«-triol (Butler & Mar- 
rian, 1937, 1938) preliminary experiments showed 
that nearly quantitative yields of acetaldehyde as 
determined colorimetrically in sulphuric acid with 
4-hydroxydiphenyl (Miller & Muntz, 1938; Koene- 
mann, 1940; Barker & Summerson, 1941) could be 
obtained after oxidation with periodic acid. In 
further experiments in which mixtures of pregnane- 
3a:17«:20x-triol and 11-deoxycorticosterone or 17- 
hydroxy-11-deoxycorticosterone were oxidized with 
periodic acid, it was found possible to remove the 
acetaldehyde quantitatively from a _ reaction 
mixture containing glycine without loss of formalde- 
hyde, by aeration into a bisulphite trap (cf. Shinn & 
Nicolet, 1941). The formaldehyde could then be 
recovered quantitatively in the usual way by 
distillation (Daughaday et al. 1948). 

To test out the potentialities of the procedure for 
the determination of acetaldehydogenic steroids in 
urine, recovery experiments were carried out in 
which known amounts of pregnane-3a:17«:20«-triol 
were added to both unwashed and sodium hydroxide- 
washed chloroform extracts of urine from normal 
men. These extracts were obtained from fresh urine, 
from urine after incubation with ox-spleen B- 
glucuronidase at pH 4-5, and from urine extracted 
after standing at room temperature at pH 1 for 
24 hr. In every experiment ‘blank’ determinations 
were carried out on a portion of the extract with no 
added pregnanetriol. 

Reasonably satisfactory recoveries were obtained 
in those experiments in which the triol was added to 
sodium hydroxide-washed chloroform extracts of 
urine. In those in which unwashed extracts were 
employed, the recoveries were irregular, indicating 
possibly the presence of material interfering in some 
way with the periodate oxidation of the triol. It 
may be noted that Hollander, Di Mauro & Pearson 
(1951), studying the recovery in periodate oxidations 
of 11-deoxycorticosterone added to urine extracts, 
concluded that the oxidation could be inhibited by 
substances present in crude extracts. 

The ‘blank’ experiments all indicated the pre- 
sence of acetaldehydogenic material in the extracts, 
and it is noteworthy that from the various extracts 
the amounts of acetaldehyde obtained were 
roughly of the same order as those of formaldehyde 
and, like the latter, were increased both by glucu- 
ronidase and acid hydrolysis of the urine. It is also 
noteworthy that there was little or no increase in 
chloroform extractable acetaldehydogenic material 
over that obtained from untreated urine when in- 
cubation with glucuronidase was carried out in the 
presence of saccharate. Since the latter is a com- 
petitive inhibitor of B-glucuronidase (Karunairat- 
nam & Levvy, 1949), this supports the suggestion 
that acetaldehydogenic material released during en- 
zymic incubation was present as a f-glucuronide. 
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It is pertinent to note that Mason & Kepler (1945) 
isolated from adrenal carcinoma urine a mixture of 
steroid conjugates which yielded pregnane-3a:17z; 
20a-triol after incubation with a crude rat-liver 
glucuronidase preparation. 

As far as can be judged from recovery experiments 
with pregnane-3«:17«:20«-triol, the procedure de- 
veloped should provide a satisfactory method for 
determining acetaldehydogenic steroids in sodium 
hydroxide-washed chloroform extracts of un- 
treated urine, and of urine hydrolysed enzymically 
or with acid. It is not claimed that this procedure 
provides a means for the quantitative determination 
of such steroids in urine, since no demonstrably 
quantitative methods have yet been developed for 
the hydrolysis of the conjugated acetaldehydo- 
genic steroids which must be assumed to be present 
in urine, or for the extraction of the free steroids 
after hydrolysis. In fact, in these respects the 
method is neither better nor worse than the widely 
employed procedures for the determination of 
urinary reducing or formaldehydogenic steroids, the 
difficulties involved in which have been recently 
summarized by Marrian (1951). 


EXPERIMENTAL 


Apparatus. The apparatus used is shown in Fig. 1. A isthe 
oxidation tube; B contains aqueous NaHSO, solution in 
which acetaldehyde, carried over from the oxidation 
mixture in the air stream, is trapped. A second bisulphite 
trap has not been found necessary under the conditions used. 

Pregnane-3«:I7«:20«:-triol, m.p. 245-247° (Butler & 
Marrian, 1938) has been used throughout as the reference 
acetaldehydogenic steroid. All steroid samples were dried 
in vacuo over P,O, before weighing. Standard solutions 
were prepared in redistilled ethanol. 

Method. Ethanolic solutions of pure steroids or of suit- 
ably prepared urine extracts are evaporated in oxidation 
tubes A (Fig. 1) to about 1 ml. under a rapid stream of 
filtered air on a water bath at about 80°. Evaporation to 
dryness is carried out in vacuo with warming on a water 
bath. The residues are moistened with 0-10 ml. glacial acetic 
acid (distilled off CrO,). The tubes are warmed slightly in a 
water bath and rotated to wet any residue adhering to the 
sides of the tube. Equal volumes of 0-12M-periodic acid in 
0-4N-H,SO, (A.R.) and 1 % glycine in 0-4N-H,SO, (A.R.) are 
freshly mixed, and 1 ml. portions of the mixture pipetted 
into the oxidation tubes. The trap tubes B, each containing 
2 ml. 1% NaHSO, solution, are immediately connected up. 
A slow stream of air, purified by passage through cone. 
H,SO, (A.R.) and a soda-lime tower is blown through the 
sets of tubes arranged in parallel. The rate of aeration is 
about 5 ml./min. 

After 45 min. of oxidation with aeration, the air flow is 
stopped and the tubes are disconnected. The formaldehyde 
retained in the oxidation mixture is estimated as in the 
method of Daughaday et al. (1948), using 3 ml. 6% (w/v) 
SnCl, (A.R.) solution to reduce the correspondingly larger 
excess of periodic acid present. 

The bisulphite traps are made up to 3 ml. by washing 
down the ends of the connecting tubes with distilled water, 
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and 1ml. samples of the solutions pipetted into dry 
150 x 25 mm. test tubes. The colorimetric estimation of 
acetaldehyde in these samples is then carried out according 
to Barker & Summerson (1941), except that 7-0 ml. portions 
of conc. H,SO, (A.R.) are added to the samples, and colour 
development is carried out at 25°. 

The absorption of the solutions is determined with a 
Hilger Spekker absorptiometer using Ilford no. 605 filters. 





A B 


Fig. 1. Apparatus used for oxidation with aeration. 
A, oxidation tube; B, bisulphite trap graduated at 3-0 ml. 
Arrow indicates direction of air stream. 


Colorimetric estimation of acetaldehyde 


The method of Miller & Muntz (1938), as modified by 
Koenemann (1940) and Barker & Summerson (1941), must 
be rigorously siandardized to obtain reproducible results. 
Particular attention should be paid to the purity of the 
A.R. H,SO,. For instance, Russell (1944) has shown that 
presence of nitrates or nitrites in the sulphuric acid affects 
the colour development. Therefore each bottle of H,SO, 
should be checked before use and those giving poor colour 
development discarded. 

Also to be noted is the advice of Barker & Summerson 
(1941) against the use of chromic acid mixtures for cleaning 
apparatus used in the acetaldehyde estimations, because of 
the difficulty of removing interfering traces of the cleaning 
agent. 
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Optimum conditions for the oxidation of 
pregnane-3a:17%:20«-triol 
The effects of varying periodic acid concentration, time of 
aeration and acidity of the oxidation mixture on the yield 


of acetaldehyde obtained by periodate oxidation of preg- 
nanetriol are illustrated in Tables 2-4. Apart from the 


Table 2. Effect of periodic acid concentration on 
oxidation of pregnane-3a:17«:20«-triol 


(58-0 ug. pregnanetriol samples oxidized.) 


Conen. of Equivalent 
periodic Acetaldehyde amount of 
acid found triol Recovery 
(m) (#8-) (ug-) % 
0-24 7-80 59°5 103 
7-80 59-5 103 
0-12 7-61 58-0 100 
7-80 59-5 103 
0-04 7-87 60-0 103 
6-69 51-0 88 
0-01 5-50 42-0 72 
6-69 51-0 88 


Table 3. Effect of oxidation aeration time on yield 
of acetaldehyde from pregnane-3a:17a:20«-triol 
oxidized with 0-06M-periodic acid 


(25-1 wg. pregnanetriol samples oxidized.) 


Time Acetaldehyde Equivalent Recovery 
aerated found of triol of triol 
(min.) (#8-) (vg-) %) 
5 0-11 0-9 4 
10 0-45 3-4 13 
15 0-62 4-7 19 
20 1-13 8-6 34 
25 2-29 17-4 69 
30 3-07 23-4 93 
40 3-32 25-2 100 
50 3°27 24-9 99 


Table 4. Effect of acidity of oxidation mixture on 
yield of acetaldehyde from pregnane-3a:17«:20a- 
triol in periodate oxidation 

(25-1 pg. pregnanetriol samples oxidized.) 


Normality of Equivalent 


H,SO,in Acetaldehyde amount of Recovery 
oxidation found triol of triol 
mixture (ug-) (ug-) % 
0 0-87 6-7 27 
0-01 231 17-6 70 
0-05 2-97 22-8 90 
0-1 2-76 21-1 St 
0-2 3-21 24-5 98 
0-4 3°35 25-6 102 
0-8 3-23 24-7 98 


variable studied, other conditions in these experiments were 
as described in the method. The oxidation-aerations have 
been carried out at room temperature, i.e. 13-21° and 
within this range the recoveries of acetaldehyde have not 
been affected by temperature. 

Table 5 shows the recoveries of acetaldehyde after oxida- 
tion of pregnanetriol with 0-06M-periodic acid in 0-4N- 
H,SO, with aeration for 45 min. as in the method finally 
adopted. 
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Oxidation of mixtures of acetaldehydogenic 
and formaldehydogenic steroids 


Preliminary experiments with aqueous solutions of 
acetaldehyde and formaldehyde showed that a satisfactory 
separation of the aldehydes at levels of 10 yg. or less was 
possible under the conditions used for the oxidation and 
estimation of pregnanetriol. These conditions would be 
expected to permit quantitative formation of formaldehyde 


Table 5. Recovery of acetaldehyde on oxidation of 
pregnane-3%:17%:20«-triol by the method finally 
adopted 

(Oxidation with 0-06m-HIO, in 0-4N-H,SO,.) 
Triol 
Pregnane- equivalent to 
triol Acetaldehyde acetaldehyde 


oxidized found found Recovery 
(vg-) (ug-) (ug-) (% 
58-0 7:38 56-3 97 
43-5 5-58 42-6 98 
29-0 3-82 29-2 101 
17-4 2-16 16-5 95 
14-5 1-78 13-6 94 


from formaldehydogenic steroids. It was therefore probable 
that the acetaldehyde and formaldehyde formed on perio- 
date oxidation of mixtures of C,, steroids with various types 
of C-17 side chains could be separated and hence 10-100 yg. 
amounts of steroids estimated quantitatively. 

From mixtures of pregnane-3«:17«:20«-triol and 11- 
deoxycorticosterone or 11-deoxy-17-hydroxycorticosterone 
the amounts of acetaldehyde and formaldehyde recovered 
were consistent with the respective amounts of steroids 
present (Table 6). 


1952 
Urinary studies 


Collection of urine. Urine specimens were collected over 
24 hr. with 1-2 ml. CHCI, as preservative and were analysed 
as soon after collection as possible. 

Preparation of urine extracts. Extracts prepared from un- 
hydrolysed and hydrolysed urine samples have been studied. 
Two methods have been used for hydrolysis of urine 
samples. (1) Acidification of urine: a measured portion of 
50-100 ml. of a 24 hr. specimen was acidified to pH 0-95-11 
(glass electrode) with 10N-H,SO,. After 24 hr. at 25° the 
acidified urine was extracted with CHCl,. For ‘hydrolysis 
curves’ larger portions of 24 hr. specimens were acidified to 
allow a number of samples to be withdrawn for analysis at 
various time intervals. (2) Incubation of urine with f- 
glucuronidase preparations: the crude f-glucuronidase was 
prepared (cf. Kerr & Levvy, 1951) by suspending finely 
minced fresh ox spleen in acetate buffer, pH 5-2, and 
standing at 37° for 4 hr. After centrifuging off tissue debris, 
the supernatant was made 60 % saturated with (NH,),S0,. 
The precipitate was dialysed free of (NH,),SO,, and in further 
fractionations the material precipitated between 25 and 50% 
saturated (NH,),SO, was retained. After dialysis this crude 
enzyme preparation was assayed, using phenylglucuronide 
as substrate, and expressing the activity in ‘glucuronidase 
units’ (G.U.) where 1 G.v. liberates 1g. phenol in 1 hr. 
under the conditions given by Kerr, Graham & Levvy (1948). 

For incubation with enzyme, 25-50 ml. of a 24 hr. urine 
specimen was acidified to pH 4-5 with acetic acid and 10 ml. 
0-1M-acetate buffer, pH 4-5, added. A solution containing 
enzyme in the proportion of 10 000 c.v./24 hr. specimen was 
added and the mixture incubated at 37° for 24hr. An 

enzyme blank with 25-50 ml. of water in place of urine was 
carried out simultaneously. Blank values have been con- 
sistently less than 10 % of the corresponding estimations. 
Neutralization of urine prior to extraction. For compara- 
tive purposes it is desirable to extract urine samples after 


Table 6. Recovery of acetaldehyde and formaldehyde from periodate oxidation of mixtures of pregnane- 
3a:17%:20x-triol (triol), 11-deoxycorticosterone (DOC) and 17-hydroxy-11-deoxycorticosterone (8) 





Steroid oxidized 
(ug-) Acetaldehyde Formaldehyde 
—, found found 
Triol DOC S (ug-) (ug-) 
58-0 - 36-0 7-42 2-76 
34-8 — 36-0 4-50 2-76 
11-6 -- 36-0 1-60 3-13 
52-7 oo 54-0 6-05 5-04 
31-6 — 54-0 3-96 4-90 
21-1 — 54-0 2-88 4-30 
10-5 — 54-0 1-40 4-57 
52-7 _ 72-0 6-66 5-84 
31-6 -- 72-0 3-49 5°78 
21-1 — 72-0 2-97 5-73 
52-7 63-2 — 6-33 5:25 
31-6 63-2 _— 4-05 5-46 
10-5 63-2 -— 1-47 5-73 
52-7 63-2 — 6-75 5-67 
31-6 15-8 — 4-50 1-43 
21-1 15-8 — 2-70 1-48 
10-5 15-8 — 1-35 1-38 
52-7 31-6 — 6-75 2-70 
31-6 31-6 — 3-96 2-65 
10-5 31-6 _— 1-37 2-81 





Steroids (ug.) equivalent to 


Steroids oxidized 


CH,CHO and H.CHO found (%) 
Acetalde- Formalde- Acetalde- Formalde- 
hydogenic hydogenic hydogenic hydogenic 

56-7 31-9 98 89 
34-4 31-9 99 89 
12-2 36-1 105 100 
46-2 58-1 88 108 
30-2 57-0 96 106 
21-8 49-6 103 92 
10-7 52-8 102 98 
50-8 67-4 96 94 
26-6 66-7 84 93 
22-8 66-1 108 92 
48-3 57-7 92 91 
30-9 60-0 98 95 
11-2 63-0 107 100 
51-5 62-4 98 99 
34-4 15-7 104 99 
20-6 16-3 98 103 
10-3 15-2 98 96 
51-5 29-7 . 98 94 
30-2 29-2 96 92 


10-5 30°9 100 98 
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various pretreatments under similar conditions. In most 
experiments reported here, urine samples, prior to extrac- 
tion, were brought to pH 6-9-7-1 (glass electrode) using 
2n-Na,CO, and 0-5mM-K,HPO,. The samples were stirred 
vigorously during the addition of alkali. 

Extraction of urine. Urine samples were extracted three 
times with 2 vol. of CHCl,. Using these proportions, emul- 
sions were rarely obtained. The CHCl, extracts were washed 
once with 0-1 vol. 0-1N-NaOH and twice with 0-1 vol. 
water. The water washings were washed once with 


URINARY 17:20-DIHYDROXY-20-METHYLSTEROIDS 


343 


hyde obtained from extracts containing added pregnanetriol 
over that given by extracts without added triol. 

The recoveries of pregnanetriol added to CHCI, extracts of 
urine where no alkali washing was carried out, varied from 
urine to urine (Table 7). With alkali-washed extracts 
recoveries were consistent, and are illustrated in the results 
obtained for the recovery of pregnanetriol added to urine 
itself with subsequent CHCl, extraction (Table 8). 

The urine ‘ blank’ values, i.e. acetaldehyde obtained from 
urine extracts without added triol, are a measure of the 


Table 7. Irregular recovery of pregnanetriol added to unwashed chloroform extracts 
of normal male urine 


Pretreatment of urine 
A. 








= 
(1) None 
Triol Triol Urine ‘ biank’ 
added recovered (mg. as triol/ 
(ug.) % 24 hr.) 
Urine I 0 — 0-98 
0 —_— 0-97 
10 19 _ 
25 8 — 
50 62 — 
Urine II 0 oo 0-86 
0 — 0-94 
10 82 — 
25 103 — 
50 100 _ 


(2) Acid hydrolysis (3) Enzymic hydrolysis 
—, ‘ 





= — ee ~ 
Triol Urine ‘blank’ Triol Urine ‘blank’ 
recovered (mg. astriol/ recovered (mg. as triol/ 
(%) 24 hr.) (%) 24 hr.) 
— 2-15 — 3-90 
- 2-02 - 4-12 
102 — 35 =a 
54 — 69 — 
52 59 
_— 2-63 _ 3-64 
—_ 2-79 — 3-88 
95 _— 117 — 
101 —_ 90 — 
93 — 77 _- 


Table 8. Recovery of pregnanetriol added to urine from normal male subjects. 
(Chloroform extracts alkali-washed) 


(31-5 wg. triol added to each sample.) 


Urine ‘blank’ 


Recovery of 


(value as added triol 

Subject mg. triol/day) %) 
A 0-33 96 
(0-26)* ats 

B 0-48 94 
0-49 95 

Cc 0-40 93 
0-40 93 

D 0-26 90 
0-29 93 


* Loss during processing. 


2vol. CHCl,, this CHCl, being added to the main CHCl, 
extract. The CHCl, extracts were dried with the minimum 
amount (about 2 g./100 ml.) of anhydrous Na,SO, (A.R.) 
for 20 min. After filtering off the Na,SO, the CHCl, extracts 
were evaporated to dryness under reduced pressure in a 
water bath at about 60°. The residues were transferred with 
three 2 ml. portions of redistilled ethanol to the oxidation 
tubes A (Fig. 1). The subsequent procedure is detailed in 
the Method section (p. 340). 

Recovery experiments on urine extracts. The recoveries of 
pregnane-3a:17«:20«-triol added to CHCl, extracts of un- 
hydrolysed, acid and enzymically hydrolysed urine were 
studied, in addition to the recovery of pregnanetriol added 
to the urine itself (added in 0-5-1-0 ml. ethanol) with sub- 
sequent extraction of the urine and purification of extracts. 
Recoveries were calculated from the increase in acetalde- 


acetaldehydogenic material extractable from urine and may 
indicate the presence of C,, 17:20-dihydroxy-20-methyl- 
steroids. The blank values given in Tables 7 and 8 are 
expressed as mg. pregnanetriol/24 hr. 

In Table 9 are compared ‘blank’ values obtained from 
untreated urine, acid hydrolysed and enzymically hydro- 
lysed urine from normal male subjects. The values obtained 
after acidification or incubation with B-glucuronidase pre- 
parations are considerably higher than those from untreated 
urine (cf. formaldehydogenic steroids in urine (Heard, 
Sobel & Venning, 1946; Paterson, Cox & Marrian, 1950; 
Kinsella, Doisy & Glick, 1950; Cox & Marrian, 1951). The 
amount of acetaldehydogenic material extractable after 
acidification of urine from normal males increases with time. 
The increase is rapid for a few hours, after which very little 
change is observed up to 24 hr. after acidification. (CHCl, 
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Table 9. Amounts of acetaldehydogenic material found in urine of normal male subjects 
(All values expressed as mg. pregnanetriol/24 hr.) 

Treatment of urine prior to chloroform extraction 
a \ 
Acidification Acidification Incubated at 
to pH 1, with to pH 1; 37°, pH 4-5, 
Urine Untreated immediate extracted with p- 
sample urine extraction after 24 hr. glucuronidase 
(A) Chloroform extracts alkali-washed 
I 0-33 0-44 0-92 — 
Il 0-28 0-43 _ — 
II 0-36 — _— 1-58 
IV 0-47 — _ _ 
¥ 0-48 0-93 0-80 1-94 
VI 0-12 0-19 0-29 0-66 
Vil 0-28 0-32 0-45 _ 
(B) Chloroform extracts not alkali-washed 
Vill 0-92 2-96 2-80 3-60 
IX 0-72 3°20 3-40 4-80 
extracts were alkali-washed.) As yet, insufficient study has study of urinary formaldehydogenic steroids have 


been made of such ‘hydrolysis curves’ to permit of inter- 
pretation, but they indicate the presence in urine of con- 
jugates hydrolysed by acid at 25°. With regard to the acid 
stability of acetaldehydogenic steroids, it has been found 
that pregnane-3a:17«:20«-triol is stable to pH 1 at 25° for 
24 hr. 
DISCUSSION 

Estimation of acetaldehyde formed by periodate 
oxidation of urine extracts is more specific and 
sensitive than the estimation of 17-ketosteroids 
formed (Talbot & Eitingon, 1944). As C,, 17:20:21- 
trihydroxysteroids as well as C,, 17:20-dihydroxy- 
20-methyl|steroids yield 17-ketosteroids on periodate 
oxidation, these types of steroids are estimated to- 
gether in the latter method. It is desirable for 
metabolic studies that these two types, which 
include both 21l-hydroxy- and 21-deoxy-steroids, 
should be estimated separately. In addition to the 
general disadvantages of the 17-ketosteroid methods 
the Talbot & Eitingon (1944) method estimates the 
relatively small increase of 17-ketosteroids after 
periodate oxidation over that present before 
oxidation. 

It has been found that neutral chloroform ex- 
tracts of normal male urine contain substances 
which liberate acetaldehyde when oxidized with 
periodic acid under the same conditions necessary 
for quantitative oxidation of 17:20-dihydroxy-20- 
methylsteroids. 

The presence of some types of conjugates was 
indicated by the increased amounts of acetalde- 
hydogenic material extractable from urine after 
treatment with acid or B-glucuronidase prepara- 


tions. Although C,, 17:20-dihydroxy-20-methyl- 


steroids have been isolated from urine of patients 
with hyperactive adrenals, proof of the presence of 
such compounds in normal urine must await isola- 
tion studies. This work is now in progress. 

Some of the hydrolysis techniques used in the 


been applied to the study of acetaldehydogenic 
substances. These relatively mild hydrolysis condi- 
tions were employed to avoid excessive destruction 
of the sensitive C-17 side chain (in particular the 
tertiary hydroxyl at C-17). The value of enzymic 
hydrolysis with f-glucuronidase (especially when 
carried out on urine directly) for quantitative assay 
of urinary cortical steroids or their metabolites 
seems doubtful at present, when there is not ade- 
quate evidence that such enzymic hydrolysis is 
complete. 

Acetaldehyde gives a brown coloration with 
chromotropic acid (McFadyen, 1945) and may inter- 
fere in the estimation of formaldehyde if present in 
relative excess over the latter. Where estimation of 
the acetaldehyde is not desired, it may be removed 
by aeration from the formaldehyde distillates in the 
Daughaday (1948) method if 1% aqueous glycine 
is used in place of the ethanolic sulphite solution. 


SUMMARY 


1. A method for estimating C,, 17:20-dihydroxy- 
20-methylsteroids in urine, based on periodic acid 
oxidation, is described. 

2. The method allows of the simultaneous esti- 
mation of acetaldehydogenic and formaldehydo- 
genic steroids. 

3. A urinary excretion of unconjugated acetalde- 
hydogenic material equivalent to 0-1—0-5 mg./day 
of C,, 17:20-dihydroxy-20-methylsteroids was found 
for seven normal males. 

4, The presence of conjugated acetaldehydogenic 
material in normal male urine is also indicated. 


The author sincerely thanks Prof. G. F. Marrian, F.R.S., 
for his constant encouragement and guidance throughout 
this work, and for his generous gift of pregnane-3a:17«:20- 
triol. Part of the expenses of this work were defrayed from 
Medical Research Council funds. 
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The Metabolism of Subcutaneously Injected [!°N] Urea in the Cat 
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The experiments described in this paper arose from 
a study of the physiological role of gastric urease. 
In order to throw light on this problem, an investi- 
gation was undertaken into the fate of [}5N]Jurea in 
the cat. 

Although Luck (1924) demonstrated the presence 
of urease in the stomach, urea has been widely re- 
garded solely as an end product of mammalian 
nitrogen metabolism. This view was supported by 
experiments of Schoenheimer (1942) and Bloch 
(1946) who fed [?*N]urea to rats and found no more 
than a slight incorporation of °N into the proteins of 
liver and intestine. They believed that this could be 
interpreted as the result of bacterial decomposition 
of urea in the gut. More recently, Leifer, Roth & 
Hempelmann (1948) injected [!4C]urea into mice 
and recovered 20-8% of the injected 14C in the 
carbon dioxide of the expired air. The breakdown of 
[*C]urea in mice has been confirmed by Jones (1950) 





and by Skipper e¢ al. (1951). Kornberg, Davies & 
Wood (1952) made analogous observations on cats. 
In the study of the metabolism of [}*NJurea it 
must be borne in mind that the ammonia produced 
by hydrolysis of urea is largely reconverted to urea 
in the liver. Hence the amounts of !°N incorporated 
into other nitrogenous materials give only minimum 
values for the urea breakdown. In order to arrive at 
an estimate of the actual breakdown, information 
is required on the conversion of [}°N]ammonia to 
[{25N ]urea under the conditions of the experiment. 
Although previous workers have studied the fate 
in the animal body of ['*NJammonia after oral 
administration of [}*>NJammonium citrate (Foster, 
Schoenheimer & Rittenberg, 1939; Rittenberg, 
Schoenheimer & Keston, 1939; Sprinson, 1948; 
Sprinson & Rittenberg, 1949), and after intravenous 
injection of a single dose of [?*N]Jammonium glu- 
tamate (Berenbom & White, 1950), their results did 
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not supply the required information. The behaviour 
of [}°NJammonia liberated slowly and continuously 
into the blood was therefore investigated after 
periodic subcutaneous injections of [}5N Jammonium 
lactate into a cat. The amounts of urea hydrolysed, 
as determined by this procedure, agree with those 
found subsequently after injection of [}4C]urea into 
cats (Kornberg et al. 1952) and are far less than those 
found in mice (Leifer e¢ al. 1948; Skipper et al. 1951). 
Part of this work has been communicated to the 
Biochemical Society (Davies & Kornberg, 1950). 


METHODS 


Preparation of labelled materials. All labelled [}5N] com- 
pounds administered contained 32 atoms % excess 15N in the 
positions labelled. [#5N]Urea was synthesized according to 
Cavalieri, Blair & Brown (1948) by the interaction of 
(=NINH,NO, (the nitrate ion being unlabelled) and diphenyl 
carbonate, prepared according to Hentschel (1884). The 
0-31m-[5NjJammonium lactate solution was obtained by 
distilling [5N]NH, from [5NJNH,NO, into excess lactic 
acid (British Pharmacopeeia) and neutralizing the solution 
with mM-NaHCO, to pH 6-5. 

Treatment of cats. Cats were fed on bread, milk and water 
for 4 days prior to, and during, the experiment. Into cat A 
(2-00 kg.) were injected subcutaneously 98-8 mg. [}5N]urea 
in 2 ml. of water the first day, and 116-4 mg. [#*NJurea in 
2 ml. of water the second day. The total quantity of isotope 
injected was 32-1 mg. §N. Cat B (1-20 kg.) received 28 mg. 
15N in a total of ten subcutaneous injections, at 4-hourly 
intervals, each of 2ml. of the [*NJammonium lactate 
solution. Urine was collected in flasks containing 10 ml. of 
10n-HCl and 2 ml. of toluene to prevent bacterial decompo- 
sition of the constituents and loss of NH;. On the third day 
of the experiment, the cats were weighed, anaesthetized 
with ether, and bled from the carotid arteries. The blood 
was collected and stored at — 12°. The heads were cut off 
and dropped into liquid N,; they were removed after 
2-3 min. and, on being tapped gently with a hammer, split 
neatly along the sagittal lines. The halves were stored at 
—12°. The liver, spleen, kidneys, diaphragm, heart, and 
pieces of skin and hair were removed from each cat and 
frozen rapidly in solid CO,. The stomach and intestinal tract 
of each animal were opened and washed under the tap 
before being frozen. All tissues were stored at - 12°. 

Analysis of urine samples. Samples (3 ml.) were pipetted 
into all-glass aeration units (Van Slyke & Cullen, 1916), 
3 ml. of sat. K,CO, were added and a rapid stream of air 
passed for 3 hr., to transfer the NH, to 0-05 Nn-H,SO, (5 ml.). 
The absorbed NH, was estimated by titration with 0-05n- 
NaOH using bromocresol green as indicator. When the end 
points had been reached, the NH, solutions were immedi- 
ately acidified with 3N-HCl and evaporated on an electric 
hot-plate to approx. 1 ml. They were then transferred to 
small ampoules which were sealed and sent off for mass 
spectrometric analysis. 

This procedure removed 96-98 % of the [5N]NH, present. 
The remainder was washed out by addition of 1 ml. of 
0-214m-NH,Cl (containing 3 mg. N) and 1 ml. of 40% (w/v) 
NaOH to the solutions, and aerating the NH, for 2 hr. into 
0-05n-H,SO, (5 ml.). This was repeated once more: the last 
NH, samples thus obtained were always free from excess ™N, 

The alkaline urine samples, which were now NH,-free, 
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were transferred to measuring cylinders. Approximately 
half of the solutions were pipetted into 250 ml. beakers and 
neutralized to thymol blue by dropwise addition of 10n- 
HCl. The urea present in each solution was then precipitated 
as the dixanthydryl complex (Fosse, 1916; Kiech & Luck, 
1928), filtered off on weighed Royal Worcester 1/3114 filter 
crucibles, washed and air-dried at 110° for 3 hr. Samples 
(20-30 mg.) were digested by the Kjeldahl procedure. The 
NH; formed was distilled into 5 ml. of 0-05N-HCl (Ritten- 
berg, 1946), estimated by titration against 0-05n-NaOH and 
prepared for mass spectrometric analysis as described above, 

This procedure removed 95-98 % of the [?5N ]Jurea present, 
The remainder was washed out by twice adding 2 ml. of 
20% urea to the urine samples and isolating the dixanthy- 
dryl complex. Kjeldahl and mass spectrometric analysis of 
the last urea samples thus obtained always showed their N to 
be present in the normal ratio of isotope abundance. The 
remaining solutions, which were now free of both [#5N]NH, 
and [}5N]urea, were digested by the Kjeldahl procedure. The 
NH, formed was estimated and prepared for mass spectro- 
metric analysis as described above. No attempts were made 
to isolate the various constituents of these solutions, 
the N of which will be referred to as the non-urea non- 
ammonia N. 

Independent checks of the results for the various urine 
fractions were obtained in all cases by a second procedure. 
In this, duplicate samples of 0-5-1-0 ml. of urine were 
pipetted into aeration units, the acid neutralized by drop- 
wise addition of m-NaHCO, and the pH adjusted to 5-0 by 
addition of 0-5 ml. of 3M-acetate, pH 5-0. Water (2 ml.) and 
jack bean urease solution (1 ml.), prepared as described by 
Davies & Kornberg (1951), were added to hydrolyse the 
urea, and the units left overnight. Saturated K,CO, (3 ml.) 
was added and the NH, aerated into 0-05n-H,SO, (15 ml.) 
for 3 hr. This removed 96-98% of the [!5N] (NH, + urea) 
N present in the original samples. The remainder was 
washed out by addition of 1 ml. of 0-214M-NH,Cl (containing 
3 mg. N) and 1 ml. of 40% (w/v) NaOH and drawing off the 
NH; for 2 hr. into 5 ml. of 0-05n-H,SO,. This was repeated 
once more: the last NH, samples thus obtained were always 
found to contain N with normal isotope abundance ratio. 
The liquids remaining in the units, which were now free of 
both NH, and urea, were washed into Kjeldahl flasks and 
digested by the Kjeldahl procedure. The ammonia formed 
was estimated and prepared for mass-spectrometric analysis 
as described above, this fraction being the non-urea non- 
ammonia N. The two methods gave results for the isotope 
distribution in the various fractions of urine which agreed 
within 5%. 

Analysis of tissue samples. Portions (50-100 mg.) of the 
tissues were digested by the Kjeldahl procedure. The NH; 
formed (total N) was estimated and prepared for mass 
spectrometric analysis as described previously. 

The liver of each cat was homogenized with 5 % trichloro- 
acetic acid and centrifuged at 3000 rev./min. for 30 min. 
Portions of the supernatant liquid containing the N.P.N. 
were digested by the Kjeldahl procedure. The precipitate 
was twice washed with equal volumes of 5 % trichioroacetic 
acid, spun down and oven dried. The protein precipitate was 
boiled under reflux for 20 hr. with 10 vol. of 5N-HCl and 
filtered. Excess MgO was added to portions of the filtrate, 
containing the amide N, and the NH, was drawn into 
0-05Nn-H,SO,. The solutions from which the amide N had 
been removed were washed twice by adding 1 ml. of 
0-214m-NH,Cl (containing 3 mg. N) and 1 ml. 40% (w/v) 
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NaOH, and aerating the NH, into 0-05n-H,SO,. Portions 
of the remaining solutions, containing the non-ammonia 
non-amide fractions of the protein N, were digested by the 
Kjeldahl procedure, estimated and prepared for mass 
spectrometric analysis as above. 

18N determinations. All samples for isotopic analysis con- 
tained 1-3 mg. N as NH} salts in approx. 1 ml. of solution. 
Their *N contents were determined by Dr R. Bentley and 
Mr G. Dickinson with the mass spectrometer of the National 
Institute for Medical Research, Mill Hill, London. 


RESULTS 
The breakdown of [=N urea 


The results obtained after subcutaneous injection of 
[®Njurea into cat A are given in Table 1. Most of 
the isotope injected (83-5%) was excreted in the 
urine, 94-8% of this as [}5NJurea. The 16-5% of 
injected isotope still remaining in the body were 
widely distributed in all the tissues and body fluids 
examined. From the concentration and isotope 
content of blood urea, and from the fact that the 





METABOLISM OF UREA IN THE CAT 





Table 1. Distribution of }°N after subcutaneous injection of [®N]urea into a cat 
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‘urea space’ of the cat (i.e. the volume of fluid in 
which the urea is uniformly distributed), is 65% of 
the body weight of the animal (Eggleton, 1951; 
Kornberg et al. 1951; Kornberg, Davies & Wood, 
1952), it was calculated that not more than 2-6% of 
the 15N injected was present in the body as [15N] 
urea. Over a half of the remaining 13-9 % of isotope 
was incorporated into muscle, for, although the 
isotope abundance ratio of muscle nitrogen was only 
slightly in excess of normal, this tissue forms 
quantitatively the major nitrogenous component of 
the body. The highest enrichments with °=N of 
tissue nitrogen were found in liver, small intestine, 
kidney and heart muscle. The liver amide nitrogen 
contained 0-013 atom % excess =N. These results 
show that the [!*N]urea injected into the cat had 
been broken down in the body. This conclusion is 
also indicated by the distribution of isotope in the 
various constituent fractions of the urine. Although 
over 94 % of the isotope present in the urine was in 
the form of [5N]Jurea, 0-2 % of the 15N was found in 


(Cat A, 2-0 kg. body wt., received 215 mg. [1*N]urea (containing 32 atoms % excess N, i.e. 32-1 mg. °N) in two doses: 
98-8 mg. the first day, 116-4 mg. the second. Accuracy of mass spectrometer; +0-003 atoms % excess N.) 


Total N 
content 
Material examined (g-) 

Urine, total N 2-50 
Urine, urea N 1-83 
Urine, ammonia N 0-13 
Urine, non-urea non-ammonia N 0-55 
Body, urea N 0-39 
Skeletal muscle, total N 46-5 
Skin and hair, tetal N 14 
Liver, total N 1-66 
Liver, amide N 0-08 
Small intestine, total N 2:72 
Gastric mucosa, total N 0-15 
Heart muscle, total N 0-254 
Kidneys, total N 0-465 


Total \N found in fractions analysed 








Table 2. Distribution of ®N after subcutaneous injection of [®N]ammonium lactate into a cat 


Total ™N Total »N Percentage 
content content of injected 
(atom % excess) (mg. #°N) SN 
1-075 26-8 83-5 
1-287 25-4 79-1 
0-042 0-054 0-17 
0-136 0-72 2:3 
0-210 0-82 2-6 
0-005 2 7 
0-004 0-6 2 
0-008 0-13 0-4 
0-013 0-01 0-04 
0-009 0-25 0-8 
0-003 0-004 0-01 
0-007 0-018 0-06 
0-008 0-04 0-1 
30-7 96 





(Cat B, 1-2 kg. body wt., received 20 ml. 0-31 m-5NJammonium lactate (containing 32 atoms % excess °N, i.e. 28-0 mg. 
45N) in ten doses at 4-hourly intervals. Accuracy of mass spectrometer: +0-003 atoms % excess N.) 


Total N 
content 
Material examined (g.) 

Urine, total N — 
Urine, urea N _- 
Urine, ammonia N -- 
Urine, non-urea non-ammonia N — 
Body, urea N 0-22 
Skeletal muscle, total N 29-8 
Skin and hair, total N 12 
Liver, total N 1:33 
Liver, amide N 0-07 
Small intestine, total N 1-68 
Gastric mucosa, total N 0-10 
Heart muscle, total N 0-17 
Kidneys, total N 0-26 


Total “N found in fractions analysed 


Total »N Total © N Percentage 
content content of injected 
(atom % excess) (mg. °N) Ny 
— 15-48 55-4 
oo 12-80 45-7 
— 1-54 55 
— 0-86 3-1 
1-086 2-38 8-5 
0-016 4:8 17 
0-008 1-0 4 
0-069 0-98 3-5 
0-415 0-27 0-96 
0-082 1-4 5-0 
0-016 0-016 0-06 
0-034 0-06 0-22 
0-067 0-17 0-68 
— 26-3 94 
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the ammonia and over 2:3% as non-urea non- 
ammonia nitrogen. The nitrogen of the gastric 
mucosa was not significantly enriched with 'N, 
which suggests that the breakdown of [!*N]urea by 
the body was not connected with any local synthesis 
(e.g. of mucus) in this tissue. 


NNN NNW WwW 
onwrnA DOWO KN 


—= =| 2 — a2 
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0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 
Time (hr.) 

Fig. 1. Excretion of = N following periodic subcutaneous 
injection of [*NJammonium lactate into a cat. Curve A 
shows the amounts of ®N injected (2-8 mg. ™N every 
4 hr.), curve B shows the total }*N excreted in the urine. 


Total amounts of isotope injected or excreted (mg. °N) 


The behaviour of [}=N] ammonia in the body 


When [}°N]Jammonium lactate was injected sub- 
cutaneously at 4-hourly intervals over 40 hr. into 
cat B, 55-4 % of the injected 15N was excreted in the 
urine (Table 2). The rate of excretion paralleled the 
rate of administration of the isotope (Fig. 1), 
showing that after two or three injections the &N 
had equilibrated with the body nitrogen. The distri- 
bution of the isotope among the various fractions of 
the urine samples analysed (Table 3) shows that 
most of the isotope was excreted in the form of 
[}°N]urea, but that considerable and variable pro- 
portions appeared as ammonia nitrogen and non- 
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urea non-ammonia nitrogen. The }°N content of the 
the ammonia nitrogen was higher than that of the 
non-urea non-ammonia nitrogen in all samples 
except urine (b) which had not been voided until 
nearly 18 hr. after the previous sample. 

The results given in Table 2 show that of the ¥N 
injected as [}*NJammonia after 40 hr. 8-5% was 
present in the body as [}*N]urea. The remaining 
36 % had been incorporated into the tissues, over 
47 % of this residue being present in muscle. The 
highest enrichments of tissue nitrogen were found, 
as after injection of !}5N]urea, in liver, small in- 
testine, kidney and heart muscle, all these tissues 
having high rates of metabolic activity. The isotope 
abundance ratio of the nitrogen of gastric mucosa 
was similar to that of skeletal muscle, again showing 
that ammonia nitrogen was not preferentially 
incorporated in this tissue by local synthetic 
mechanisms. 


DISCUSSION 


The breakdown of urea 


The slight incorporation of !5N into tissue proteins, 
reported by Schoenheimer (1942) and Bloch (1946) 
after feeding [!*N]urea to rats, was regarded by 
these authors as the result of bacterial decomposi- 
tion of urea in the gut and was not considered 
evidence for the view that urea is metabolized by 
the animal. 

In the present experiments on the fate of [}*N] 
urea in the body, cats were used as experimental 
animals because the gastric urease content of the 
ground stomach of cats is much higher than that of 
rats (Luck, 1924; FitzGerald, 1946). The risk of 
bacterial decomposition of isotopic materials in the 
gut was reduced by administering the compounds 
by subcutaneous injection. The results obtained 
after injecting [?*N]urea into cat A (Table 1) show 
that after 40 hr. at least 2-5 % of the [!*>N]urea had 
been broken down in the body. This figure repre- 
sents a minimum, since the [!*N]ammonia formed 
by hydrolysis of [}*N]Jurea would be largely recon- 
verted to [!5N]urea in the liver. Quantitative 
estimates of the amounts of urea breakdown can be 
made only if the behaviour of [!5N]ammonia in the 


Table 3. Distribution of °N in urine samples from a cat after subcutaneous injection of 
[SN ]Jammonium lactate 


(Cat B, 1-2 kg. body wt., received 20 ml. 0-31 m-[#*N]Jammonium lactate (containing 32 atoms % excess N, i.e. 28-0 mg. 
1°N) in ten doses at 4-hourly intervals. Six urine samples (a-f) were voided by the cat and were collected in flasks contain- 
ing 10 ml. of 10N-HCl and 2 ml. of toluene.) 


15N content of urine samples (mg. N) 





c 


td 


e 


Fraction (a) (b) (c) (d) (e) (f) 
1-58 5-25 2-33 2-76 1-24 2-32 
0-197 0-254 0-247 0-300 0-245 0-297 
Urea N 1-30 4-32 1-98 2-33 0-96 1-91 
Non-urea non-ammonia N 0-060 0-620 0-049 0-065 0-017 0-050 
Recovery (%) 99 99 98 98 99 98 


Total N 
Ammonia N 
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body is known. The results obtained with cat B show 
that in 40 hr. 54% of the ammonia produced by 
hydrolysis of urea was converted to urea and there- 
fore the value of at least 2-5% breakdown found 
with cat A actually represents a breakdown of at 
least 5%. 

A similar figure is indicated by the amounts of 
incorporation of 4*N into liver amide nitrogen in the 
two experiments. After injection of [}>N]ammonia, 
the liver amide nitrogen contained isotope at 
0-415 atoms % excess of normal, whilst after 
['Njurea injection the isotope abundance ratio of 
this fraction was 0-013 atoms % excess. The amount 
of isotope injected in the two cats, expressed as 
mg. !®N/kg. body weight, was 1-45 times as much in 
cat B as it was in cat A, and for equivalent amounts 
of isotope injected the liver amide nitrogen of cat B 
would thus have contained of the order of 0-28 atoms 
% excess 15N. This would indicate that at least 
4-6 % of the [}5N]urea injected into cat A had been 
broken down to [!®5N]ammonia in the body. 

Preliminary studies on the breakdown of [?4C]urea 
in anaesthetized cats (Kornberg et al. 1952) indi- 
cated an actual rate of breakdown of approx. 1 %/ 
5hr., i.e. approx. 8% over 40 hr. The values ob- 
tained in the present experiments are therefore in 
good agreement with those obtained with [}4C]urea, 
and are much lower than those reported for the 
breakdown of urea in mice (Leifer et al. 1948; Jones, 
1950; Skipper e¢ al. 1951). 


The role of gastric urease 


It has frequently been suggested that gastric 
urease, by hydrolysing urea to ammonium carbon- 
ate, supplies base which might protect the mucosa 
from attack by acid and pepsin (Luck & Seth, 1925; 
Linderstrom-Lang & Ohlsen, 1936; Ohlsen, 1941; 
FitzGerald, 1946; Fossel, 1947; FitzGerald & 
Murphy, 1950; Glick, Zak & Korff, 1950; Von Korff, 
Ferguson & Glick, 1951). The total urease content of 
the cat’s stomach has been claimed to be sufficiently 
high to liberate from urea 66 mg. ammonia nitrogen/ 
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hr. (FitzGerald, 1946), i.e. sufficient to break down 
the total urea content of a 2 kg. cat every 7 hr. The 
present results indicate that the actual urea break- 
down in the intact cat occurs at less than one- 
hundredth of this rate. 

It has been suggested (FitzGerald & Murphy, 
1950) that the ammonia set free by the breakdown 
of urea is transformed inside the mucosa into some 
product of low toxicity, which has not been identi- 
fied, but which is not thought to be urea. The present 
results, although they indicate neither the site nor 
the significance of the breakdown of urea, show that 
gastric urease plays no part in such local synthetic 
mechanisms. 


SUMMARY 


1. When [}5N]urea was injected subcutaneously 
into a 2-0 kg. cat, 2-5 % of the 1°N was excreted in 
the urine in forms other than urea. The tissues con- 
tained nitrogen with slight but significant excess of 
isotope. 

2. The fate of [*N]Jammonia in the body was 
studied by measuring the distribution of 1°N in the 
tissues and urine after subcutaneous injection into 
a 1-2 kg. cat of [>NJammonium lactate in ten 4- 
hourly doses. Of the nitrogen of the injected 
[}5NJammonium lactate 54:-2% was converted to 
[5Njurea. It follows that in 40hr., at least 5% 
of the urea of the cat was broken down in the 
body. 

3. After administration of [*N]urea or [°N] 
ammonium lactate the nitrogen of the gastric 
mucosa was not preferentially enriched with °N; 
this argues against the participation of gastric 
urease in local synthetic mechanisms. 


We wish to thank Prof. H. A. Krebs, F.R.S., for his en- 
couragement and interest in this work. One of us (H.L.K.) 
wishes to acknowledge the receipt of a grant from the 
Medical Research Council during part of this work, the 
remainder being done during the tenure of the John Stokes 
Research Fellowship of the University of Sheffield. 
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Arising out of a study of the changes taking place in 
solutions of collagen and gelatin in organic solvents 
such as formic acid, it became necessary to devise a 
quick method of estimating the basic groups of the 
protein. The standard methods, such as determina- 
tion of the amount of acid bound in aqueous 
solution, amino-acid analysis, or the adsorption of 
anionic dyes (Fraenkel-Conrat & Cooper, 1944) or 
other surface active agents (Pankhurst, 1949), were 
not suitable, since, besides being time-consuming, 
they necessitate removal of the organic solvent 
before making the determination. This would almost 
certainly introduce additional changes in the protein 
molecule. 

Harris (1935) has shown that the amino groups in 
amino-acids could be determined directly by 
titration with perchloric acid, using anhydrous 
acetic acid as solvent, the amino-acid behaving as a 
strong base which titrates with a sharp colorimetric 
end point. The reactions may be formulated thus: 


R.NH,.COOH + CH,COOH 
=R.NH}.COOH+CH,COO’, (1) 
HClO, +CH,COOH=CH,COOH;+C10;, (2) 
CH,COOH; +CH,COO- =2CH,COOH. = (3) 
(Cf. H,O* + OH” = 2H,0.) 


Equation 1 proceeds from left to right since the 
amino-acid is more protophilic than the acetic acid. 
In equation 2 the perchloric acid being strongly 
protogenic causes the acetic acid to behave as a 
base. Equation 3 represents the neutralization 
of the negatively charged acetate ion by the 
CH,COOH}? ion (ef. the hydrogen ion H,0*). 

The detection of this end point using an indicator 
such as brilliant cresyl blue is an easy matter with 
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amino-acids and simple peptides and can be carried 
out when either acetic acid or formic acid is used as 
solvent, although with the latter the end point is 
a little less sharp. With gelatin and collagen solu- 
tions, however, the method was not successful since 
a precipitate formed during the course of the titra- 
tion, on to which the indicator became adsorbed. 
In view of this complication electrical methods of 
determining the end point were investigated. 


EXPERIMENTAL AND RESULTS 


Potentiometric method 


The quinhydrone electrode can frequently be used 
for pH titrations in aqueous solutions, since the 
redox potential is dependent on pH. The use of 
quinhydrone in non-aqueous systems is made 
difficult by its relatively high solubility. Hall & 
Conant (1927) have overcome this by using 
‘chloranil’ (tetrachloroquinone). Using the appar- 
atus shown diagrammatically in Fig. 1 we have used 
this method for glycine and gelatin and have ob- 
tained the results shown in Fig. 2. To carry out the 
titration, approx. 0-1 g. of glycine or 1 g. of gelatin 
was dissolved in approx. 100ml. of anhydrous 
acetic acid, or where necessary in a mixture of 
anhydrous formic and acetic acids (1:4 by volume), 
and saturated with an equimolecular mixture of 
chloranil and hydrochloranil in the reaction flask. 
Normally, two electrodes of brightly polished 
platinum were used and the potential difference 
between each and a calomel half-cell was measured ; 
this provides a check against possible insensitivity 
due to faulty preparation or poisoning of the 
electrodes. The calomel half-cell, used as reference, 
was connected to the reaction chamber by a salt 
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Fig. 1. Apparatus for potentiometric titration. 
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Fig. 2. Potentiometric titrations. 


bridge containing a saturated solution of lithium 
chloride in anhydrous acetic acid, dipping into a 
saturated aqueous solution of potassium chloride. 
Moisture was excluded and stirring effected by a 
stream of dry nitrogen passing through the reaction 
mixture. 
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Fig. 2a shows that glycine dissolved in acetic acid 
titrates as a typical strong base and the end point 
is easily determined. Glycine dissolved in formic 
acid (Fig. 2b) gives a curve with a very gentle slope 
from which the end point cannot accurately be 
found. This may seem surprising since formic acid is 
more protogenic than acetic acid and it would there- 
for be expected that even stronger basic character- 
istics would be exhibited by the glycine. However, 
the absolute value of the potential is dependent on 
the solvent, for example, the initial potential in 
formic acid is over 200 mV. higher than in acetic 
acid. Since the titrating solution is made up in 
acetic acid, the solvent mixture continuously 
changes as the titration progresses, becoming in- 
creasingly rich in acetic acid, which has the opposite 
effect on the potential compared with the neutraliza- 
tion process. 

For the titration of gelatin a mixture of acetic and 
formic acids containing not more than 20 % (v/v) of 
formic acid can be used, as seen in Fig. 2c, although 
even this amount of formic acid causes an increase in 
initial potential by about 100 mV., thereby reducing 
the total change. 


Conductometric method 


Formic acid was essential for the work on collagen 
and gelatin, and in view of its adverse effect on the 
potentiometric titrations, even when used only to 
the extent of 20% (v/v) in admixture with acetic 
acid, a conductometric method was investigated. 
Using an orthodox conductivity apparatus (cell 
capacity approx. 110 ml. and cell constant 0-3485) 
it was found that satisfactory end points were ob- 
tained with solutions of glycine, gelatin and collagen 
in mixtures of formic and acetic acids (1:4 by 
volume). A typical result for collagen is shown in 
Fig. 3. For this method approx 0-1 g. of amino-acid 
or 1 g. of protein is dissolved in 50 ml. of the mixed 
solvent. 
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Fig. 3. Conductometric titration of collagen. 
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Preparation of standard perchloric acid 


Aqueous perchloric acid (AnalaR; 60 % w/v) was 
standardized by titration against sodium hydroxide, 
and an accurately weighed amount of acetic an- 
hydride equivalent to the water present was slowly 
added dropwise with ice-cooling. All the water 
having thus been converted to acetic acid, further 
anhydrous acetic acid was added to produce a 
0-1m solution. The solution, which is extremely 
hygroscopic, must be kept in an automatic burette 
filler from which moisture is excluded. If the 
quantities of standardized aqueous perchloric acid 
and acetic anhydride are accurately weighed, there 
is no need for further standardization and, provided 
moisture is excluded, the solution keeps well for at 
least a year. The standardization may be checked 
from time to time by titration against AnalaR 
glycine, using the colorimetric method of Harris 
(1935). 


CONCLUSIONS 


Of the three methods tested, only the potentio- 
metric and conductometric end points are suitable 
for use with collagen and gelatin. The conducto- 
metric method is the easier to perform, although 
both electrical methods give results similar to those 
obtained with other methods, as shown in Table 1. 

Any increase in basic groups brought about by the 
dissolution of the protein in formic acid at 35°, such 
as was detected in collagen by Bowes & Moss (1951) 
using Sanger’s (1945) method of end-group analysis, 
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would not be detected by this method as it would be 
within the limit of experimental error. 


Table 1. Basic groups of collagen and gelatin 


Gelatin 
(m-equiv./g.) 
0-995 


Collagen 
(m-equiv./g.) 
Potentiometric titration = 
against HCIO, 
Conductometric titration 
against HCIO, 
Other methods 


0-94 1-02 
0-90,* t 
0-94F 

* Titration against HC! (Bowes & Kenten, 1948). 

+ Amino-acid analysis (Bowes & Kenten, 1948). 

{ Values for this sample of gelatin by other methods are 
not available, but results for other gelatins by titration 
against HCl are usually between 0-95 and 1-00, depending 
on the preparation. 


SUMMARY 


A method is described for estimating the total basie 
groups of collagen and gelatin by direct titration 
with perchloric acid, using anhydrous formic and 
acetic acids as solvents throughout. The end point 
can be satisfactorily determined by potentiometri¢e 
or conductometric methods. An accuracy of +1% 
can be obtained, and the results compare favourably 
with those obtained by other methods. The ad- 
vantage of this method is that it can be carried out 
on | g. of protein and is rapid. 


Our thanks are due to the Director and Council of the 
British Leather Manufacturers’ Research Association for 
permission to publish this work. 
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